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ABSTRACT 

This paper presents manageable models of an occupant and restraint system. Low-order design 

models are essential in the development of active restraint systems, which aim at lowering certain 

injury criteria by real-time control of the occupant motion with a restraint actuator. The design models 

are constructed from first principles, using knowledge obtained from a sensitivity analysis of a 

reference occupant model. The models can easily be employed for controller and observer design, and 

can be used in real-time injury prediction. The design model is validated in a variety of frontal impact 

simulations, and the most important biomechanical responses are compared to the responses of the 

reference model. 
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THE DESIGN AND DEVELOPMENT of restraint systems is largely oriented towards car 

occupants of average height and weight for a set of standardized (high speed) crashes. In general, 

restraint systems are not able to adjust their performance characteristics during a crash event, therefore, 

an occupant that deviates from the average will not be optimally protected in every crash. To achieve a 

satisfactory performance in all standardized scenarios, the restraint design is a tradeoff. 

A huge step in injury reduction can be made when the restraint systems are continuously 

manipulated as a function of a measured signal (Musiol et al., 1997). In that case they are referred to 

as real-time controlled active restraint systems (ARS). These systems are preferable by far, since they 

will result in a minimal risk of injury. The control system minimizes one or more occupant injury 

criteria, defined as a biomechanical index of one or more physical responses of the occupant, called 

the biomechanical responses. Typical biomechanical responses are the thoracic acceleration, chest 

compression and forces on the femur. The control algorithm determines the restraint actuator input 

based on the observed biomechanical response(s), and on parameters from the occupant and vehicle. 

These kind of systems do not yet exist in today’s passenger vehicles, but numerical simulations 

with a controlled seat-belt and airbag, (Cooper et al., 2004; Hesseling, 2004; Hesseling et al., 2006), 

and a controlled seat frame (Habib, 2001) show a significant injury reduction. Therefore, this class of 

systems should be a main focus of future restraint system development. There is a number of issues 

that need to be dealt with before the next generation of passenger vehicles can be equipped with 

controlled ARS. These issues mainly concern: 

1) the choice of relevant injury criteria and their associated biomechanical responses; 

2) the development of the required restraint actuators; 

3) the development of sensors to determine the chosen biomechanical responses; 

4) the design of control algorithms, which have to handle different crash scenarios, crash 

severities and occupant variety; 

5) the algorithm to predict the performance setpoint for the controller. 

 

In Fig.  1, a graphical representation of these issues is given.  

 

Part of the aforementioned issues, (1), (2) and (3), deal with the choice of the ARS layout, and 

will be discussed in detail in the following section. Regarding the remaining issues, the controller 

design (4) and performance prediction (5) require a model, preferably low-order, of the occupant 

interacting with the restraint system. It has been shown in (Hesseling, 2004) that linear models suffice 

for these purposes. Additionally, injury sensors (3) may be developed in combination with an observer 

that also require manageable models for it design and implementation. Today, many occupant models 
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exist, but they are not suitable for the development of ARS. A literature review on these models is 

given in Sec. 2.2.  

Given this reasoning, the aim of this research is to develop low-order design models of the 

occupant and restraint system, which can be employed for controller and observer design, and can be 

used in real-time prediction algorithms. 

 

 
Fig.  1 - Current issues in active restraint systems 

 

 

2. METHODS 
 

To find solutions for the research issues listed in Sec. 1 and sketched in Fig.  1, an ARS layout has 

to be chosen. This section motivates this layout, identifies the underlying modeling problem, and 

presents the approach to the modeling problem. 

 

2.1. ACTIVE RESTRAINT SYSTEM LAYOUT:  

1) Injury criterion. In search for a proper injury criterion, the focus lies on criteria that are closely 

related to occupant fatalities. According to accident data from the NASS database (1999-2003), the 

origin of the majority of fatal accidents is due to frontal crashes (33%), which also have the highest 

percentage of occurrence (>50%) (Eijnden, 2004). In these frontal crashes, the chest is the most 

affected body region (AIS=4+) for closing velocities higher than 8.6 m/s (31 kmph). To assess the 

injuries of this body region, many thoracic injury criteria are defined (Crandall et al., 1997; 

Kleinberger et al., 1998), which are all based on chest compression and/or chest acceleration (∆xchest 

and achest). Therefore, these responses are chosen as the biomechanical responses to be controlled.  

2) Restraint actuator. It is well-known that the belt force magnitude significantly influences 

thoracic injuries, e.g. (Crandall et al., 2000). Consequently, a suitable restraint actuator would be a 

device that is able to prescribe the force in the belt system, Fbelt. Although several devices have been 

patented (Doty, 1997; Knox, 2001; Koning et al., 2002; Koning et al., 2003), an apparatus able to 

actively prescribe the force in the belt at every time instance - irrespective of belt winding or 

unwinding - does not yet exists. For simulation purposes, however, it is assumed that such an actuator 

exists.  

The airbag is not taken into account here, since the airbag has little influence on thoracic injuries, 

compared to the seat belt. The peak chest acceleration usually takes place before there is full contact 

between the head and the airbag, and hence before the chest acceleration can be influenced by the 

airbag. Therefore, to prevent the airbag from disturbing the chest acceleration while evaluating the 

system, the airbag is omitted from the active restraint system’s layout. However, the airbag should still 

be part of the total vehicle’s restraint system, considering its ability to reduce head and neck injuries. 

3) Injury sensor. Not all of the required sensors to measure the occupant’s movement do yet exist, 

whereas many of the available sensors are too expensive, too inaccurate or have too low a bandwidth 

(Eijnden, 2004). Automotive safety engineering would thus largely benefit from alternative techniques 

in spatial occupant sensing. It is proposed in this paper that filtering of an observable output could help 

in the estimation of biomechanical responses. In case of the chest acceleration, the belt displacement 

xbelt at the retractor side could serve as an input to an observer algorithm that estimates the chest 

acceleration. For the design of the observer algorithm, it is convenient to have a low-order model that 

accurately outputs the chest acceleration and the belt displacement, given a certain belt force and crash 

pulse. 
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4) Controller. A feedback control strategy is chosen with the chest acceleration as the 

performance output signal, the belt force as the control output and the vehicle acceleration pulse as a 

disturbance on the system. Feedback control is a straightforward choice, since provides robustness to 

sytsem uncertainties and disturbances, and it has a linearizing effect on non-linear systems (Skogestad 

et al., 2005). To arrive at a proper feedback controller, a model of the system is essential. 

5) Performance prediction. The maximum achievable performance of the system, i.e. the 

trajectory that gives the lowest peak chest acceleration, is referred to as the setpoint. This optimal 

setpoint depends on many things, e.g. the severity of the crash, the type of crash, the mechanical 

properties of the vehicle, the occupant type, the occupant position, etc. Since the crash type and 

severity are unknown at the onset of the accident, it would be convenient to have an occupant model 

that is able to predict the injury criterion on the basis of available pre-crash information.  

 

With the above, the ARS layout is now defined. The control system has to reduce the peak chest 

acceleration in a frontal high speed vehicle crash. This is achieved by means of an idealized belt force 

manipulator, and an estimation of the chest acceleration from the belt displacement measurement. 

 

2.2 THE MODELING PROBLEM: In the previous section, it became clear that it is highly 

desirable to have a low-order model for the control and observer design, and to develop a setpoint 

prediction algorithm. Available present-day crash occupant models aim, in general, at an extremely 

accurate and complete description of the occupant and its interaction with the vehicle. The complexity 

of these models makes them less suitable for this research. However, a lot of less complex models can 

be found in literature. A huge amount of attempts has been made to describe the dynamics of an 

occupant ever since McHenry proposed one of the first very elementary models in 1963 (McHenry, 

1963). An extensive but general overview is given in (Prasad, 1984; Huston, 1987) in the eighties and 

more recently in (Prasad, 1997; Wismans et al., 2005). Two- or three-mass models of the thorax 

interacting with a seat-belt in frontal impacts are described in (Katoh et al., 1982; Crandall et al., 2000; 

Habib, 2001; Paulitz et al., 2005). Reviewing this literature, it is concluded that existing occupant-

restraint models are too complex, insufficiently accurate, not suited in this context or validated with 

outdated experimental data. 

 

2.3 APPROACH: The outlined modeling problem has led to an approach that is referred to as 

multi-fidelity modeling. Accurate and hence complex, high-order models are employed to derive a 

number of less complex design models by means of a sensitivity analysis. The high-order complex 

models have a (relatively) high fidelity to real-life dummy crash tests and are therefore referred to as 

reference models. The design models are subsequently approximated by linear models which will have 

to lowest fidelity. The models may be exerted to develop observers and control algorithms, for 

instance with the linear control theory. In the next section, the selected reference model is discussed. 

 

3. THE REFERENCE MODEL 

 

3.1 THE PRISM PROJECT: The numerical reference model used here is a Madymo model 

developed within the European PRISM project (Bosch-Rekveldt et al., 2005). In this project, a generic 

vehicle interior compartment model is developed of a super-mini vehicle. The baseline restraint 

system consist of a three-point belt system (including a load limiter and buckle pretensioner), which is 

consistent with 2003 market vehicles. The airbag is omitted for reasons mentioned earlier. A Madymo 

50
th
 percentile ellipsoid Hybrid III dummy (version 7.1) (TNO, 2005) is fitted in the compartment 

model. The multi-body model consists of a set of 37 rigid bodies, connected by 37 kinematic joints.  

Because of the constitutive relations and the - discontinuous - contact models, the system is highly 

non-smooth and nonlinear. A surface representation of this PRISM model is given in Fig. 2a. A 

number of crash pulses is available to investigate whether the model responses are bio-fidelic. Since 

the focus lies on high-speed frontal impacts, it is chosen to use results from EuroNCAP crash tests 

with a small family car. Three of 13 available crash pulses are shown in Fig. 2b. 
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(a)        (b) 

Fig. 2 – (a) Madymo reference model and (b) three vehicle deceleration pulses 

 

3.2 CONTROLLED BEHAVIOR: The reference model is at this point still uncontrolled and will 

exhibit a different behavior than the future controlled system. Since the model is highly non-linear and 

non-smooth, it will make a difference whether the design model is derived from the controlled or the 

uncontrolled system. It is therefore desirable to analyze the reference model when it exhibits its 

desired behavior. The Madymo model is feedback controlled by means of a coupling between 

Matlab/Simulink and Madymo. In the original PRISM model, the load limiter is replaced by a belt 

force actuator, and the pretensioner is disabled. The input to the system is the belt force Fbelt, and the 

output signals of interest are the chest acceleration achest and the belt displacement xbelt. The controller 

has to ensure the chest acceleration follows a desired behavior aref, which has yet to be defined. In 

figure 4, a schematic diagram of the feedback controlled restraint system is given.  

Since a force is used to control acceleration, it is expected that the system can stabilized with a 

simple gain K. To achieve sufficient low frequent gain of the open loop system, an integrator is added 

and the controller then reads ∫ −= dtaaKF chestrefbelt )( , see e.g. (Skogestad et al., 2005). 

It is recognized that the aim of this research is to develop a model, with which controllers can be 

designed. Using a controller at this point might seem to be a paradox. However, to be able to analyze 

the reference model while exhibiting its desired behavior, using a controller - albeit with no 

performance or robustness - is essential. Since hardly any information on this system is available at 

this point, the single controller parameter has to be found by trial-and-error. 

 

 
 

Fig.  3 - Closed-loop feedback diagram of the active restraint system 
 

3.3 REFERENCE PROFILE: The desired behavior for the chest acceleration, i.e. the setpoint aref 

in Fig.  3, is deduced in this section. The method to create a proper profile aref is adopted from 

Hesseling (2004), but modified. The optimal behavior, in the sense of the chest injury criterion, would 

be a profile with the lowest possible acceleration level. In the top diagram of Fig.  4a, an admissible 

profile for a certain EuroNCAP crash pulse is sketched. It can be described by 

 













=
−

−
−

=−

=
−

−
−

=

],[

],[

],[

)(

2

2

21

10

01

0

eopt

e

e

opt

opt

ref

tttfora
tt

tt

tttfora

tttfora
tt

tt

ta  

50 IRCOBI Conference - Maastricht (The Netherlands) - September 2007



The lowest possible value of aopt is dictated by some constraints. To show this, let the relative 

motion of the chest with respect to the vehicle interior be described by 
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The available space between the sternum and the steering rim in the PRISM model is 0.2505 m. 

To prevent the occupant hitting the steer, �xref is therefore restricted to S0 < 0.2505 m. Furthermore, 

the occupant may be pushed into the seat, but no more than a depth S1. Finally, it is demanded that the 

relative velocity at t = te is zero. With these constraints and equations above, the construction of the 

reference profile boils down to a nonlinear optimization problem  
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The results for aref, ∆vref and ∆xref are shown in Fig.  4a, with the following parameters: S0 = 0.2 m, S1 

= 1 mm, t0 = 0 and tend = 0.14 s. The end time of the crash is based on the point where the vveh has its 

minimum. 

 

(a)       (b) 

Fig.  4  - (a) Reference profiles (blue, solid) for a given EuroNCAP crash pulse (red, dashed); 

(b) Belt force (top), controlled chest acceleration (middle) and the belt displacement (bottom) 
 

 

3.5 A SIMULATION EXAMPLE: With aveh and the obtained aref, only a controller gain K has to 

be found in order to close the loop. After trial-and-error, the controller gain K = 5·10
5
 gave sufficient 

closed-loop performance, although it was close to instability. The closed loop results are shown in Fig.  

4b, where the required belt force is shown in the top figure. Note that almost 15 kN is used to control 

the chest acceleration, a high value compared to current load limiter values. In the middle figure, the 
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controlled chest acceleration shows that the setpoint is tracked accurately and significant injury 

reduction is achieved. In the bottom figure, the belt displacement is given, which first shows a winding 

and then an unwinding phase. The result of this simulation shows that the reference model exhibits 

desired behavior, and the model can now be used to derive the design model. It is stressed again that, 

although the controlled restraint system shows good results, this controller is by no means suitable for 

implementation. It is found by trial-and-error and its use can not be extended to other crash scenarios 

and occupants. It is close to instability, and its robustness and performance is analyzed by simulations, 

but can not be quantified by any means. 

 

4 SENSITIVITY ANALYSIS 
 

4.1 INTRODUCTION: To identify the relevant elements in the reference model, a sensitivity 

analysis is performed. The notion sensitivity analyses (SA) is used here to ascertain how a given 

model depends on its input factors, i.e. the elements in a complex system that are uncertain or of 

interest (Saltelli et al., 1999). More specifically, the sensitivity of achest and xbelt to parameter variations 

is investigated, in order to identify the reference model components that influence these outputs the 

most. The simulations are not performed with the closed loop system from the previous section, since 

the feedback controller will smooth out the variations. Instead, open loop experiments are carried out 

with the belt force Fbelt and the given vehicle acceleration aveh. The perturbed outputs are compared to 

the nominal outputs, and the signals echest and ebelt - from now on referred to as error signals - are 

analyzed. This approach is illustrated in Fig.  5. 

 

 
Fig.  5 - The sensitivity analysis 

 

 

The model is executed repeatedly for (combinations of) variations of the input factors, while 

holding other factors fixed to a nominal value. The model is evaluated and a target function is 

computed, i.e. a function to assess the influence of these factors on the output(s). As the target 

function, two criteria on the error signals echest and ebelt are chosen, viz. the infinity norm and root mean 

square error: 
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in which ti = {t1, t2, . . . , tn} is the time span of the discrete signal e(ti). The relevant input factors 

in this study are related to (i) joint degrees of freedom, (ii) the constitutive equations, and (iii) contact 

interaction models. Occupant characteristics like mass, length, and position do not belong to the input 

factors, since occupant variability is not investigated at this point. To come to conclusions on the 

influence of the input factors on the target function, bounds on the target functions, the infinity norm 

and the RMSE, are defined. For echest, a maximum perturbation of 20 ms
-2

 and an average perturbation 

of 10 ms
-2

 of the maximum chest acceleration is allowed. With respect to the ebelt, a maximum and 

average perturbation of respectively 10 and 5 mm are chosen. The following sections describe the 

results of the SA with respect to the different input factors. 

 

4.2 DEGREES OF FREEDOM: The occupant model of the reference model has 81 degrees of 

freedom. This number could be decreased, since not all the rigid bodies will contribute significantly to 

the target functions. In a large set of simulations, individual joints and combinations of joints are 

locked and the error signals are evaluated. It is found that the DOFs can be reduced from 81 to 37. The 

error criteria of the results of this experiment are listed in Table 1.   
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4.3 CONSTITUTIVE EQUATIONS: Most constitutive equations are nonlinear, sometimes with 

hysteresis. It is investigated whether or not these relations can be removed, or replaced by linear 

relations in order to arrive at a design model of low complexity. Since a number of joints can be 

locked, obviously the number of restraints is reduced. It is found that a number of constitutive 

relations do not contribute largely to the target function, i.e. the bounds on the target functions are not 

violated, and these relations are removed. The 10 remaining relations, of which three are encrypted, 

may be replaced by linear relations. As an example, the results of an analysis of the abdomen and 

clavicle joint are given. The nonlinear constitutive relations in these joints are replaced by a linear one 

with constant stiffness. The reference model is evaluated for different values of the stiffness, and the 

target function distribution is computed. In Fig.  6, the RMSE criteria for achest and xbelt are shown and 

these prove that the nonlinear stiffness can be well replaced by a linear relation without violating the 

bounds on the target functions. Such an analysis is performed for all remaining restraint models, and it 

turned out that a modified reference model with only linear constitutive relations did not violate the 

error bounds. The error criteria with respect to the nominal reference model of this experiment can be 

found in Table 1. 

 

Fig.  6 - The RMSE of the echest and ebelt for different abdomen and clavicle joint stiffness 
 

4.4 CONTACT MODELS: The contact models are largely responsible for the non-smoothness of 

the system, as mentioned earlier, and additionally, the force-penetration characteristics constitute of 

nonlinear relations with hysteresis. Several contact models are removed or modified to investigate the 

influence on the dummy behavior. It is found that the following contacts are essential in the PRISM 

model in high speed frontal impacts in the first 75 ms: contacts between (i) shoes and pedals, (ii) seat 

cushion and pelvis, (iii) back seat and pelvis and (iv) back seat and thorax. Furthermore, replacing the 

nonlinear force-penetration relation in these contact models by an appropriate constant stiffness did 

not violate of the error criteria bounds. The target function values of a simulation with these four 

(linear) contact models are also shown in Table 1.  

 

Table 1 Result of the sensitivity analysis 
experiment in achest [ms-2] xbelt [mm] 

section 
∞

e  RMSE 
∞

e  RMSE 

4.2 19 4.2 5.6 2.2 

4.2 and 4.3 19 7.7 9.3 3.8 

4.4 11 2.9 6.6 2.3 

4.2, 4.3 and 4.4 18 7.5 9.6 4.2 
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4.5 RESULTS AND CONCLUSION: The outcome of the SA led to a reduction of the number of 

joints, constitutive relations and contact models.  Additionally, most of constitutive equations could be 

replaced by linear relations. More insight in the dynamic dummy behavior in high speed crashes has 

been gained. Although many modifications have been made in the model, the open loop responses are 

sufficiently similar. However, it should be noted that the conclusions of this analysis only hold for this 

dummy, behavior and these target functions. In different types of crash, e.g. at a lower closing velocity, 

or regarding other outputs, the conclusions may not hold. 

 

5 THE DESIGN MODEL 

 

5.1 CONSTRUCTION OF THE DESIGN MODEL: In this section, the results of the SA are 

employed to develop a low-order physical multi-body model. General multi-body systems can be 

described by the following nonlinear dynamic model, e.g.(Schiehlen, 1990): 

 

),,(),()( τqqQqqkqqM &&&& =+  

 

in which q represent the generalized coordinates, M defines the symmetric mass matrix, k 

describes the generalized Coriolis forces and the vector Q maps the load vector τ  to generalized 

applied forces. In this study, the above equation is obtained from Lagrange’s equations. The procedure 

is computationally inefficient due to differentiations of the kinetic energy, but the derivation itself, 

however, is very straightforward. The Lagrangian formulation reads  
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in which l  represents the Lagrangian, and T and V the total kinetic and potential energy 

respectively (Kraker et al., 2001). The equations are derived symbolically to allow optimization of 

uncertain or unknown parameters in the design model. 

The kinematics of the design model are constructed according to the conclusions of the sensitivity 

analysis. These made clear that a dummy model with 37 DOFs and 14 bodies was sufficient to 

generate the output responses achest and xbelt correctly. Since the dummy is symmetrical and only 

frontal crash are considered, it is expected that a 2D design model can also produce accurate results, 

albeit that the three-point belt is positioned asymmetrical with respect to the bodies symmetry plane. 

Following the same reasoning, the extremities (arms, legs) may be lumped, leading to a dummy model 

with 13 DOFs and 10 bodies.  All joints are modeled as kinematically ideal, and the constitutive 

relations are implemented as linear Kelvin elements. Their values are directly taken from the reference 

model when possible, or from the results of the SA. Concerning the identified contact models, contact 

between dummy and seat is assumed throughout the crash, which is a valid assumption in 

approximately the first half of the crash. In this way, the contact models are made continuous, which 

simplifies the equations. The resulting model layout is shown in Fig.  7. The dummy is connected to 

the seat frame by means of continuous contacts, and restraint by a belt, shown in grey. The belt force 

acts on the actuator mass is shown on the left. The feet have contact with the interior by means of 

continuous contacts, as was identified from the sensitivity analysis. 

 

The belt is modeled as a string that runs over ideal, rotating pulleys on the dummy bodies and 

vehicle interior, see Fig.  7. The locations of the pulleys at the dummy, and the D-ring, the buckle and 

the anchor are given by the PRISM model. Friction between belt and pulley occurs when the two belt 

tension forces are not equal, and in that case, the friction force Wi is given by (TNO, 2005) 

 

iiii FFeFW i

212 )1( −=−= βϕ
 

 

in which β = 0.1, is the friction coefficient, F2i the smallest tension force, and φi the wrapped angle. As 

the variations in φi are relatively small, it has been given a fixed value.  
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Fig.  7 - The design model 

 

5.2 SIMULATION RESULTS: The equations of motions are derived explicitly and solved with 

initial conditions from the PRISM model, a disturbance aveh and input Fbelt. The outputs are compared 

to the nominal outputs of the reference model, and also the entire dummy motion is visualized and 

evaluated. Because of the large number of modifications, it could not be expected that all parameter 

values from the PRISM model can be used directly in the design model. Secondly, some parameters 

are encrypted and hence unknown. Therefore, the RMS error between the responses is minimized with 

an optimization algorithm. The simulation results are shown in Fig.  8.  

 

 
 

Fig.  8 - Open loop results of the design model (red, solid) and the reference model (blue, 

dashed) for EuroNCAP impacts 
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There exists a good agreement in chest accelerations, considering the low complexity of the 

design model, (14 DOFs, all linear constitutive equations). Also the belt displacement is well 

described by the design model. Not only these responses are compared, but also the overall dummy 

behavior in terms of displacement is visualized and compared. This behavior can not be shown here, 

but it well agrees to the reference model. All these results might indicate that the design model is a 

proper approximation of the complex PRISM model, at least for the used crash scenario and dummy.  

 

5.3 DIFFERENT CRASH SCENARIOS AND INJURY CRITERIA: To validate the model in 

other crash scenarios, simulations with other vehicle deceleration pulses are carried out. For every aveh, 

the optimal behavior, i.e. the setpoint aref, is computed and a closed loop simulation is performed. The 

resulting control effort Fbelt and its corresponding aveh are applied to the design model, and its 

responses are compared to the responses of the reference model. Two examples of the results are 

shown in Fig.  9, with crash pulses obtained from experimental data of frontal, high speed impacts. 

Note that the design parameters have not been optimized to fit these responses, and the inputs are 

applied open loop. The belt displacement and the chest acceleration are remarkably well predicted by 

the design model. Also considering the overall dummy behavior and other simulations, it is concluded 

that the design model has sufficient accuracy and robustness.  

Since the global dummy behavior is quite similar to the reference model, it is expected that the 

biomechanical responses related to other injury criteria than the chest acceleration, could also be 

correctly predicted. To this end, the chest compression is also calculated. The results of this response 

in the previous mentioned scenarios are also shown in Fig.  8 and Fig.  9. After small adjustments of 

the rib joint characteristics, good results are been obtained. The timing and magnitude of the responses 

are accurate, although the sensitivity analysis was not performed specifically for this response. 

 
 

 
Fig.  9 – Open loop results of the design model (red, solid) and the reference model (blue, 

dashed) for different impacts 
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5.4 LINEARIZATION OF THE DESIGN MODEL: The nonlinear 14 DOF design model is 

validated for two biomechanical thoracic responses and for the belt displacement in different high 

speed, frontal crash pulses. This model has been constructed to aid in the design of control algorithms, 

observers and injury predictors. On these subjects, vast knowledge is available for linear systems, 

preferably time-invariant. Since explicit equations of motions of the design model are available, a 

linearization can easily be performed. The obtained linear, time-invariant model is used to simulate the 

output responses, with Fbelt and aveh as inputs. The results are shown in Fig.  10 and they compared to 

the responses of the reference model. Considering the simplicity of the 28
th
 order linear time-invariant 

model, the responses are predicted very well. Although controllability and observability of this model 

have not been investigated at this point, it is expected that this linear model is now well suited for 

control and observer design. 

 

 
Fig.  10 – Open loop results of the reference model (blue, dashed) and the linear time 

invariant model (black solid) 

 

6 CONCLUSIONS AND DISCUSSION 
 

In this paper, it is argued that active restraint systems (ARS) should be the focus of current 

restraint system developers. A number of open issues in the development of ARS have been identified, 

being suitable injury criteria, sensors, actuators, controllers and prediction algorithms. Next, a possible 

layout for an ARS was proposed, in which a belt force actuator reduces thoracic injuries by feedback 

control of the chest acceleration and chest compression. These responses could be estimated by 

filtering of the belt displacement, a so-called observer. It became clear that it is highly desirable to 

have a physical, low-order model of the occupant interacting with the restraints in impact. These 

models are essential for the control and observer design, and for the prediction of injuries to generate 

performance setpoints.  

Since suitable models do not yet exist, a method of multi-fidelity modeling is proposed. In this 

approach, a reference model is employed assumed to represent the real world. By means of a 

sensitivity analysis, the most important elements of this reference model are identified and used to 

construct a low order design model. The biomechanical responses of interest, the chest acceleration, 

chest compression and the belt displacement are found to be well predicted by the design model.  

Finally, the design model is linearized, and it is shown that also the responses from the resulting 

linear, time-invariant model are accurate. This leads to the conclusion that, although the Madymo 

reference model is very complex and assumed to be highly nonlinear and non-smooth, its behavior 

from belt force to chest acceleration and compression is linear. This means that, given a suitable belt 

force actuator, these responses could be well controlled by a linear feedback controller. The linear 

model now provides a powerful tool to design this controller, but also observers. 

Currently, the model is being validated for 5
th
 and 95

th
 percentile dummies. Although not shown 

here, preliminary results indicate that the design model also well represents these dummies. With the 

design model completely validated for population variations in the injury criteria and collision severity, 

the active areas of research are the following.  

A study is being performed to investigate the possibilities for a belt force actuator that is able to 

prescribe the high belt force in the short time period of 0.1-0.2 s. Besides, prediction algorithms are 

being developed that calculate an adaptive setpoint based on the uncertain crash pulse. Finally, 

preliminary results have been obtained that show that thoracic responses can be estimated with belt 

displacement sensors. When also the last issue, the design of robust feedback controllers, is solved, an 

active restraint system might be equipped in the next generation passenger vehicles. 
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