
Abstract Vehicle occupant posture might change due to avoidance manoeuvres, such as braking or lane 
change, that occur prior to a potential collision. This deviation from the initial posture can compromise the 
effective engagement of the safety systems with the occupant, which may result in a different injury outcome. It 
is therefore important to have a tool to predict occupant kinematics during pre-crash manoeuvres in order to 
improve and develop safety systems that take this change in posture into account. Active Human Body Models 
are virtual tools with muscle control algorithms which can predict the kinematics of vehicle occupants. However, 
these models generally are able to execute limited voluntary movements that can affect the posture, such as 
head-neck movements. This study proposes three additional controllers to the reflexive control that enable 
voluntary extension and lateral bending of the head, which has been exercised with the THUMS TUC-VW AHBM. 
The muscle control is also capable of representing two different activation levels, namely low and highly tensed. 
The model kinematics were compared with corridors from volunteer experimental data, for braking and lateral 
acceleration load cases. The model’s performance was improved in all cases by the incorporation of the voluntary 
muscle control.  
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I. INTRODUCTION

Active Human Body Models (AHBMs) are virtual finite element (FE) models used to predict the kinematics an 
occupant would sustain during a pre-crash manoeuvre. The resulting change in posture of the occupant during 
such a manoeuvre could lead to a different injury risk in the event of a vehicle collision compared to the occupant 
in the initial posture [1-3]. Therefore, accurate prediction of the resulting posture is of great importance in order 
to evaluate the performance of safety systems, taking into account the acceleration that occurs during the pre-
crash phase. In contrast to the in-crash phase, the pre-crash phase, such as braking or lane-changing manoeuvres, 
typically lasts for 1000–2000 ms. This means the occupants have sufficient time to react to the external forces [4-
7]. Parameters such as their initial muscle state or reaction time have been demonstrated to significantly 
influence the kinematics during such manoeuvres in volunteer experiments [8-10]. Hence, different algorithms 
have been implemented through the last years into several HBMs to account for muscle activation [11-21]. 

Most of the AHBMs use closed-loop proportional-integral-derivative controllers, with the objective of 
returning to their original position. However, their muscle control algorithms differ on the measurements used 
to regulate the level of muscle activation. While some of these AHBMs primarily regulate muscle activation based 
on the angular deviation of the joints [11][13][15-19], others calculate this based on the deviation of muscle 
length [12][14][20]. The latter method aligns with the muscle control of the central nervous system, wherein 
muscle spindles are responsible for measuring changes in muscle length. The combination of both methods within 
the muscle control algorithms for the neck musculature has been investigated in several of these AHBMs [13][16-
19]. 

Additionally, the majority of these AHBMs react to the external acceleration with the objective of returning to 
its initial position; however, only a few of them are capable of performing voluntary movements. Iwamoto et al. 
[22] included supplementary muscle controllers to regulate the force exerted on the steering wheel and braking
pedal. Furthermore, Martynenko et al. [14] investigated the usage of a hybrid controller, including an open-loop
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and a closed-loop controller. The open-loop controller inputs pre-optimised muscle activation curves into the 
muscles, which is further regulated during the simulation by the closed-loop controller. However, the kinematics 
of the occupant must be known in advance to apply this muscle algorithm, a prerequisite that is not typically met 
in the context of vehicle safety.  

Yet, to the authors’ knowledge, none of these AHBMs is capable of performing active head-neck movements 
without pre-optimised muscle activation curves. Although, previous researchers [23-25] have hypothesised that 
volunteers execute protective movements by laterally bending their heads during lane-changing manoeuvres 
when approaching the B-pillar and the side window. This assumption is founded upon the observation that head 
kinematics are not symmetrical during right and left lane-change manoeuvres [25], and that the head lateral 
excursion varies depending on the available space within the vehicle cabin, for example between a sedan and 
SUV [23]. Furthermore, González-García et al. [26] have demonstrated that there was a significant difference in 
the head excursion and lateral bending of volunteers on a sled subjected to lateral accelerations, when a lateral 
structure was or was not placed on the side of the volunteer, representing the frame of a sedan vehicle. 

The aim of the present study was to incorporate additional muscle controllers for the neck musculature in 
order to predict voluntary protective movements during braking and lane-changing manoeuvres. Specifically, the 
development of these muscle control algorithms has been implemented into the THUMS TUC-VW AHBM.  

II. METHODS 

The THUMS TUC-VW AHBM [1][12][27] in the Virtual Performance Solution (VPS) (ESI Group, 
Keysight,  Bagneux, France) solver is applied as the baseline in this investigation. This model is based on the 
passive THUMS TUC 2020, which, in turn, is based on the 50th percentile male THUMS version 3 [22]. The THUMS 
TUC-VW AHBM includes a total of 600 muscles, modelled with 1-D Hill-type elements. Each muscle is divided into 
multiple bar elements to represent the curved muscle path. Additionally, the original material properties of the 
soft tissues of the THUMS TUC have been modified [12][27] according to literature data [28-31].  

 

Volunteer Experimental Data for Validation 
Two different validation datasets, including volunteers with anthropometry comparable to that of a 50th 
percentile American male, were selected to validate the THUMS TUC-VW AHBM under low g frontal and lateral 
accelerations.  

The first validation dataset, reported by Huber et al. [4], comprised data from 19 male volunteers (178.2 ± 5.0 
cm, 77.8 ± 8.4 kg). The volunteers were seated on a modified production seat of a Mercedes-Benz S500 vehicle, 
in which the foam cushion was replaced by a wooden plate with 40 mm of foam padding (N5063), covered by 
artificial leather. Each volunteer was subjected to multiple pulses. The present study utilised the data from the 
braking pulse, with a maximum deceleration of 1 g for 1.5 s at an initial velocity of 50 km/h. The kinematics of the 
THUMS TUC-VW AHBM were compared with the volunteers’ forward head and thoracic excursion as well as head 
flexion corridors. Additionally, the comparison with the shoulder seat-belt forces can be found in Appendix A. 

In the second validation dataset, the THUMS TUC-VW AHBM was compared with the data from 10 male 
volunteers (176.6 ± 2.9 cm, 75.8 ± 3.0 kg) subjected to lateral accelerations on a sled [9][26]. The volunteers were 
seated on a wooden plate with their feet placed on a footrest and secured by a thigh belt. The volunteers were 
subjected to multiple acceleration pulses, each of which was repeated three times. In this study, the AHBM was 
compared with the experimental data from the so-called plateau high pulse [9][26]. This pulse is characterised by 
two plateaus, each with a maximum of 0.3 g, corresponding to a symmetrical acceleration and deceleration phase, 
for a total duration of 2 s. The volunteers were also asked to either brace or to relax their muscles depending on 
the configuration. Moreover, for five of these volunteers an additional lateral structure was added to the sled to 
represent the lateral frame of a sedan vehicle type with its side window. The data from both configurations, with 
and without the lateral structure, were used to validate the AHBM muscle control. The kinematics of the THUMS 
TUC-VW AHBM were compared with the lateral excursion of the head, first (T1) and eighth (T8) thoracic vertebrae 
and sacrum (S1), as well as the lateral bending of the head.  

Muscle Control Algorithm 
The muscle control algorithm of the THUMS TUC-VW AHBM is implemented by coupling the VPS solver with the 
multi-domain systems software SimulationX (ESI Group, Keysight,  Bagneux, France). The algorithm is divided into 
two muscle controls: reactive and voluntary muscle controls. The reactive muscle control activates the muscles 
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with the objective of returning to the initial posture when the HBM is subjected to an external load. The muscle 
activation is calculated using a closed-loop feedback controller based on muscle lengthening and contraction 
velocity. The algorithm represents the response of the central nervous system to changes in muscle length 
generating an action potential signal through motor neurons that innervate the stretched muscles.  

The stimulation of each muscle cluster is calculated applying the formula (Eq. 1) proposed by Günther et al. 
[32]: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖
𝑅𝑅 = 𝜅𝜅𝑃𝑃

(𝑙𝑙𝑖𝑖 − (1 − 𝛿𝛿)𝜆𝜆𝑖𝑖 + 𝜎𝜎𝑣𝑣𝑖𝑖
𝑙𝑙𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜

 (1) 

where, 𝜅𝜅𝑃𝑃 is the proportional gain, 𝑙𝑙𝑖𝑖 is the muscle length at each timestep, 𝑙𝑙𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜  is the optimal muscle length, 
𝛿𝛿 is the static co-contraction parameter, 𝜆𝜆𝑖𝑖 is the target length, 𝑣𝑣𝑖𝑖 is the contraction velocity and 𝜎𝜎 is the sensitivity 
to contraction velocity of the muscle. 

Two sets of the parameters 𝜅𝜅𝑃𝑃, 𝛿𝛿 and 𝜎𝜎 (Table I) are defined in order to capture two different muscle states 
with the AHBM. These two sets of parameters, referred to as low tensed (LT) and highly tensed (HT), were 
adjusted using a Latin hypercube design of experiments to represent the kinematics of volunteers with higher 
and lower muscle tension, respectively, across multiple load cases. An additional requirement for the parameter 
set was to ensure numerical stability. 

TABLE I 
REACTIVE MUSCLE CONTROL PARAMETER DEFINITION 

Activation level 𝜿𝜿𝑷𝑷 𝜹𝜹 σ  
Low tensed 2 0.01 80 

Highly tensed 10 0.01 200 

 

In the subsequent step, the muscle activation dynamics are calculated based on the formulation proposed by 
Hatze [33]. The activation values are stored within a matrix and transferred to the FE AHBM once the neural delay 
has been attained. The neural delay is defined as follows: 30 ms for the cervical muscles; 70 ms for the trunk and 
upper extremity muscles; and 100 ms for the lower extremity muscles [16][34]. 

The 600 muscle elements are clustered into 66 muscle controller groups depending on their functionality, e.g. 
flexors and extensors, with the objective of reducing computational cost. The clustering scheme for the neck 
muscles, comprising 18 of the 66 controllers, is shown in Fig. C1 in Appendix C. 

On the other hand, the voluntary muscle control activates the muscles to perform specific head-neck protective 
movements. Specifically, two different movements have been incorporated into the THUMS TUC-VW AHBM:  
(1) extension of the neck during frontal accelerations with the objective of maintaining the view on the road; and 
(2) lateral bending of the neck as a protective movement to prevent contact with the lateral frame of the vehicle. 
The additional controllers implemented to achieve these voluntary movements are based on the human sensory 
systems considering the proprioceptive system for the lengthening of the muscles, the vestibular system for 
detecting the direction of the movement, and the visual system to estimate the distance to the surrounding 
environment (Fig. 1). To this end, multiple sensors have been incorporated into the AHBM. In addition to the 
muscle sensor, which has been previously described and which is applied in the same way as for the reactive 
controller, the AHBM incorporates two sensors to measure the rotational acceleration in the sagittal plane and 
linear acceleration in the frontal axis of the head at the centre of gravity (COG), a sensor to measure the deviation 
of the head-neck angle with respect to its initial position, and a sensor to measure the distance between the head 
and a lateral structure, such as the door-frame of a vehicle. The latter sensor is used for calculating the minimum 
distance between the head COG and the nodes from selected parts from the vehicle structure. 
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(a) Voluntary neck extension under frontal 

accelerations. 
(b) Voluntary neck unilateral bending under lateral 

accelerations. 

Fig. 1. Schema of the voluntary head-neck muscle control algorithm. 

The voluntary extension of the head is initiated in the event of a rotational acceleration, resulting from flexion 
of the head, in conjunction with a deviation of the head-neck angle of more than 5° from its initial position. The 
head-neck angle deviation is determined by measuring the angle formed between the initial Frankfurt plane and 
the plane itself at each time step, along with the change in the vector angle of the first cervical (C1) and first 
thoracic vertebrae from its initial position (Fig. 1(a)). The definition of C1 and T1 landmarks was based on the COG 
of the body of the respective vertebra. If the Frankfurt plane angle deviates by more than 5° from its initial 
position, the Rectus Capitis muscle group is activated. Conversely, if the C1-T1 angle deviates from its initial 
orientation, the voluntary control will regulate muscle groups like the Semispinalis Capitis and Splenius Cervicis. 
The stimulation for the voluntary control is determined based on the firing rate of the motor neurons, which can 
be estimated by a sigmoid function (Eq. 2) [35]: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖
𝑉𝑉 =

1
1 + 𝑒𝑒𝑒𝑒𝑒𝑒−𝑆𝑆∗𝑤𝑤𝑖𝑖+𝐵𝐵

 (2) 

where, S and B are muscle control parameters and 𝑤𝑤𝑖𝑖 is the deviation of the head-neck angle. 
Subsequently, the voluntary muscle activation is calculated based on the Ca2+ release following the formulation 

by Hatze [33], in the same way as was done to determine the reactive muscle activation. 
 

TABLE II 
VOLUNTARY MUSCLE CONTROL PARAMETER DEFINITION 

Activation level Muscle control 𝑺𝑺 B 

Low tensed 
Extension OC 0.3 5 

Extension C1-T1 0.1 5 
Lateral Bending 0.4 5 

Highly tensed 
Extension OC 0.7 5 

Extension C1-T1 0.5 5 
Lateral Bending 0.7 5 

On the other hand, in the event of lateral acceleration measured at the head COG, i.e. in the frontal axis, and if 
the distance to the lateral frame of the vehicle is less than 30 cm, based on [26], the unilateral bending muscle 
control would be initiated. The initiation of this voluntary muscle control will regulate the activation of muscle 
groups like the Sternocleidomastoid, Scalene or Longissimus Cervicis. The determination of the voluntary 
stimulation is based on the firing rate of motor neurons, applying Eq. 2. In this case, 𝑤𝑤𝑖𝑖 denotes the difference 
between the distance threshold and the minimum distance between the head and the lateral frame, expressed 
in centimetres. The corresponding antagonistic muscles are set to their basic activation level. 

Finally, the reactive and voluntary muscle activations are summed, and are bounded between the basic 
activation and full activation levels. 
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The specific set of parameters for the different voluntary muscle controls and the two muscle states is 
presented in Table II. These parameters were adjusted in accordance with the same approach as for the reactive 
muscle control. To this end, a design of experiments was performed, in which the shared parameters with the 
reactive muscle control were kept unchanged. 

Boundary Conditions for the Validation 
The THUMS TUC-VW AHBM was positioned in two different FE set-ups for the purpose of validating the model 
against the two previously described validation load cases. In both cases, the model was repositioned to place 
the hands over the thighs, in accordance with the posture of the volunteers (Fig. 2(a) and Fig. 2(c)). In all 
simulations, the gravity load was applied for the entire duration of the simulation. 

For the braking validation load case, the FE model of the seat published in [36] for the VPS solver was utilised. 
The seat foam material was calibrated and compared with the measurements from indentation tests [27]. A seat-
belt and a footrest were integrated into the set-up in accordance with the measurements provided by Huber et 
al. [4] (Fig. 2(a)). An initial force of 10 N was defined in the seat-belt model to remove initial slack. Furthermore, 
its retractor was set to lock after 150 ms from the start of the simulation; this timing was determined from the 
seat-belt forces acquired during the experiment (Appendix, Fig. A1). The applied acceleration pulse is presented 
in Fig. 2(b). 

The AHBM outputs were defined as described by Huber et al for the data from the volunteer experiments. [4]. 
All nodal outputs were defined in the sagittal plane. The forward excursion of the head was measured at the COG 
of the head; the forward excursion of the thorax was measured at the centre of the thorax at the level of the fifth 
thoracic vertebra. 

 

 

 
(a) FE set-up of the modified production seat with 

HBM for braking validation load case.  
(b) Braking pulse from volunteer experiments by 

Huber et al. [4]. 

  
(c) FE set-up of the sled (including the lateral 

structure with a side window) with HBM for lateral 
pulse validation load case. 

(d) Lateral pulse from volunteer experiments by 
Sandoz et al. [9] and González-García et al. [26]. 

Fig. 2. Simulation set-up for the validation of the THUMS TUC-VW AHBM under braking and lateral 
accelerations. 
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For the lateral acceleration load case, a FE model of the sled was created according to the dimensions provided 
by Sandoz et al. [9] (Fig. 2(c)). The seat plate and footrest, the aluminium pelvic profiles, and the lateral structure 
were defined as rigid bodies in the simulation, as the forces during this pulse are too low to deform any of these 
entities. The thigh seat-belt was pre-tensed with 120 N using two retractors at both ends of the seat-belt to 
reproduce the experimental boundary conditions. It should be noted that the lateral structure was incorporated 
solely into simulations that replicated the boundary conditions of the respective experimental configurations. The 
average lateral acceleration pulse was applied to the sled as depicted in Fig. 2(d).  

The outputs in the AHBM were defined to closely match the location of the markers in the volunteer 
experiments. All nodal outputs were defined on the skin and in the sagittal plane. The head output was defined 
at the most posterior node, the T1 and T8 nodes were measured at the location of the vertebral processes on the 
skin, and the sacrum was defined as the node on the skin at the level of the sacral endplate. 

III. RESULTS 

The results of the two validation set-ups are divided into the braking and lateral acceleration subsections, 
below. For both validation load cases, the HBM kinematics are compared with the corridors from the volunteer 
responses. Each of these corridors includes the responses from all the volunteers who participated in the 
experiment and they are delimited by the maximum and minimum values of the curves at each time point.  

Five curves are presented to depict the results of the HBM, corresponding to passive, reactive, and voluntary 
HBMs. For the reactive and voluntary muscle controls, both low tensed and highly tensed curves are shown. For 
the purpose of comparison, the excursion at 1000 ms was selected for the braking load case, as this is the time at 
which both, the volunteers and the HBMs, reach a stable posture. The maximum excursion during the acceleration 
and deceleration phases was selected in the case of the lateral acceleration load case.  

 

Braking validation load case 
Figure 3 presents the wide variation of the head kinematics exhibited by the volunteers during the 1 g braking 
pulse. The head forward excursion varies between 65 mm and 235 mm at 1000 ms (Fig. 3(a)). The head response 
of the passive HBM, without muscle activation, falls outside the range of the volunteers, reaching 295 mm forward 
excursion at 1000 ms. The application of the reactive muscle control reduced the head forward excursion to 230 
mm and 115 mm at 1000 ms for the low tensed and highly tensed muscle activation, respectively. The voluntary 
muscle control further reduced the head forward excursion, reaching 202 mm and 87 mm for the low and highly 
tensed models, respectively. The low tensed and highly tensed curves fall within the volunteers’ corridor, 
representing those volunteers who sustained shorter and larger head excursions. 

  
(a) Head forward excursion. (b) Head rotation in sagittal plane. 

Fig. 3. Head forward excursion and rotation of the passive, reactive and voluntary muscle controls with two 
muscle states compared to the validation data from Huber et al. [4]. 

Similarly, Fig. 3(b) depicts the variation in head flexion among the volunteers, which ranges from 4° to 30° at 
1000 ms. The passive model and the low tensed model, with the reactive muscle control, show larger head flexion 
compared to the volunteers, resulting in both curves falling outside the corridor. The application of the voluntary 
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muscle control significantly reduced the head flexion of the AHBMs. The low tensed model shows a head flexion 
of 27°, while the highly tensed model exhibits a lower flexion of 7° at 1000 ms, thereby representing the 
volunteers with higher and lower head flexion, respectively. 

The kinematic sequence of the five models is illustrated in Fig. 4, in time intervals of 250 ms up to a total of 
1000 ms. As demonstrated by the curves in Fig. 3, the head flexion is substantially reduced from the passive model 
to those models including muscle activation, especially those incorporating the voluntary muscle control. 
However, for the AHBM with the highly tensed muscle activation level, the influence of the voluntary muscle 
control compared to the reactive muscle control is less significant. 

 
(a) Passive HBM. 

 

 
(b) Reactive and voluntary AHBM for two muscle states. 

Fig. 4. Kinematic sequence of the THUMS TUC-VW HBM passive, reactive and voluntary muscle control under 
braking pulse from the experiments by Huber et al. [4]. 
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Fig. 5. Thorax forward excursion of the passive, reactive and voluntary muscle controls with two muscle states 
compared to the validation data from Huber et al. [4]. 

The forward excursion of the thorax among the volunteers during the 1 g braking pulse is presented in Fig. 5. 
The curves of the five HBMs fall within the corridor of the thorax excursion shown by the volunteers, which ranges 
between 40 mm and 115 mm at 1000 ms. The HBMs show a thoracic excursion of 84 mm, 74 mm and 43 mm for 
the passive, low tensed and highly tensed models with the reactive muscle control, respectively. The voluntary 
muscle control exerts a negligible influence on the thorax displacement. None of the models reveals a response 
similar to that of the volunteers, exhibiting larger thorax excursions, as a consequence of the shoulder-belt 
restraint. The highly tensed model shows a thorax response comparable to that of the volunteers, showing the 
least displacement. 

 

Lateral acceleration validation load case 
Figures 6 and 7 display the head kinematic responses of the volunteers participating in the sled volunteer 

experiment during a lateral pulse of up to 0.3 g acceleration. Additionally, the kinematics of T1, T8 and S1 are 
presented in Appendix B. Fig. 6 shows the kinematic response for the sled without the lateral structure, while Fig. 
7 presents the kinematic response for the sled including the lateral structure to the right-hand side of the 
volunteers. It should be noted that Fig. 6 does not include the results of the AHBM with voluntary muscle control. 
The reason for this is that the load case has no frontal acceleration that could initiate any of the voluntary 
extension controllers, nor was there a lateral obstacle that could initiate the voluntary head lateral bending 
movement. Consequently, the results of the voluntary HBM are identical to those of the reactive HBM. 

  
(a) Head lateral excursion. (b) Head lateral bending. 

Fig. 6. Head lateral excursion and lateral bending of the passive and reactive muscle controls with two muscle 
states compared to the sled volunteer experiments without lateral structure from Sandoz et al. [9].  
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The maximum lateral excursion of the head for the volunteers during the acceleration phase on the sled without 
the lateral structure varies between 94 mm and 357 mm (Fig. 6(a)). The lateral excursion of the passive HBM 
extends beyond the corridor, achieving a maximum head displacement of 394 mm. The lateral displacement of 
the head in case of the low tensed and highly tensed AHBMs falls within the corridor, reaching a maximum 
excursion of 262 mm and 144 mm, respectively. The maximum lateral head excursion of the low tensed model is 
95 mm below the maximum volunteer excursion, yet it is above the maximum average excursion of 224 mm. 
During the deceleration phase only the highly tensed reactive model is capable of showing a similar kinematic 
trend as the volunteers. 

The head lateral bending exhibited by the volunteers ranged from 5° to 44° (Fig. 6(b)). The passive HBM 
sustained a maximum lateral bending of 54° during the acceleration phase. The application of the reactive muscle 
control with the low tensed and highly tensed activation levels resulted in a reduction of the lateral bending of 
the head to 29° and 15°, respectively. The highly tensed model shows a lateral bending similar to that of the 
volunteers demonstrating less lateral rotation, while the low tensed model displayed comparable kinematics to 
those volunteers exhibiting larger rotations during the initial 500 ms of the acceleration phase. However, from 
that point onward, the volunteers continued to rotate their heads, whereas the low tensed model reacted by 
rotating the head towards its initial position. 

Similar to the head lateral excursion during the deceleration phase, it is observed that only the highly tensed 
reactive HBM shows a head lateral bending that is comparable to those measured among the volunteers. 

Figure 7 shows the comparison between the kinematics of the volunteers and the HBMs for those 
configurations with the lateral structure positioned to the right-hand side of the volunteers. Furthermore, two 
distinct volunteer corridors are presented, displaying the response of the volunteers for two muscular states: 
relaxed and braced. These two behaviours are represented by the shaded areas in grey and light blue, 
respectively. It is noteworthy that the passive and reactive HBM curves are identical to those displayed in Fig. 6; 
in this instance, however, they are compared with the volunteers’ corridor from the configuration with the lateral 
structure, which has been demonstrated to limit the lateral excursion and rotation of the head [26]. 

  
(a) Head lateral excursion. (b) Head lateral bending. 

Fig. 7. Head lateral excursion and lateral bending of the reactive and voluntary muscle controls with two muscle 
states compared to the sled volunteer experiments with lateral structure from González-García et al. [26]. 

The passive HBM maximum head lateral excursion exceeds the maximum lateral excursion of the relaxed 
volunteers by 160 mm during the acceleration phase (Fig. 7(a)). The low tensed model with the reactive muscle 
control also exceeds the maximum lateral excursion by 25 mm (Fig. 7(a)), while it fell within the corridor when 
compared to the response of the volunteers without the lateral structure (Fig. 6(a)). The application of the 
voluntary muscle control to the low tensed model reduces the head lateral displacement by 71 mm, reaching a 
maximum head lateral excursion of 261 mm and 190 mm for the reactive and voluntary muscle controls, 
respectively. The maximum head lateral excursion among the volunteers is 235 mm during the relaxed muscle 
state configuration. The application of the voluntary muscle control to the highly tensed model reduces its 
maximum head lateral displacement from 143 mm to 79 mm during the acceleration phase. The head 
displacement of the highly tensed model is comparable to that of the braced volunteers. 
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Similarly, the passive HBM and the low tensed reactive HBM are not capable of representing the lateral bending 
of the head of the volunteers on the sled with the structure placed to their right-hand side (Fig. 7(b)). The head 
lateral bending of these two models is 54° and 29°, respectively, in comparison to a maximum lateral bending of 
19° for the relaxed volunteers. The application of the voluntary muscle control reduces the maximum lateral 
bending to 15° for the low tensed model, which is representative of the volunteers exhibiting greater head lateral 
bending. In the case of the highly tensed model, the maximum head lateral bending during the acceleration phase 
is reduced from 15° to 4° for the reactive and voluntary HBM, respectively. The head lateral bending for the 
volunteers during the configurations with braced muscles ranges between 1° and 10°. Consequently, the highly 
tensed model with the voluntary muscle control demonstrates comparable kinematics during the acceleration 
phase. However, only the highly tensed model, irrespective of the applied muscle control, is capable of exhibiting 
comparable kinematics to the volunteers during the deceleration phase. 

The kinematic sequence of the five models is illustrated in Fig. 8 in time intervals of 250 ms up to a total of 2000 
ms. As demonstrated by the curves in Fig. 6 and Fig. 7, the passive HBM displays excessive upper-body excursion 
and rotation (Fig. 8(a)). Both mentioned measurements are reduced in the case of the reactive HBMs compared 
with the passive HBM. Finally, an inward lateral bending of the head can be observed for the voluntary AHBMs, 
when approaching the lateral structure between 500 ms and 750 ms. 

 
(a) Passive HBM. 

 

 
(b) Reactive and voluntary AHBM for two muscle states. 

Fig. 8. Kinematic sequence of the THUMS TUC-VW HBM passive, reactive and voluntary muscle control under 
lateral acceleration with and without lateral structure from the experiments by González-García et al. [26]. 

IV. DISCUSSION 

Previous researchers [23-25] have hypothesised, based on results from volunteer experiments, that vehicle 
occupants perform protective movements during, for example, lane-changing manoeuvres to try to avoid contact 
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with the structure of the vehicle. Some of the arguments to support this assumption are the non-symmetrical 
excursion during right and left lane changes [25] or the difference in maximum head lateral excursion in different 
vehicle types, being more reduced in smaller vehicles [23]. Furthermore, it has been observed that in volunteer 
experiments on a sled, where typically there is no lateral structure on their side, volunteers show a pendulum-
like movement of the upper-body [37], whereas volunteers in vehicle experiments tend to laterally bend their 
head inward when moving towards the vehicle structure [6][38]. Further volunteer experiments were performed 
on a sled with and without a lateral structure on the side of the volunteers and it was demonstrated that the head 
excursion and lateral bending varied depending on the surrounding environment [26]. Additionally, the head 
excursion of the volunteers generally reaches a steady position during braking pulses, whereas for the majority 
of the volunteers the flexion of the head diminishes during the same pulse [39], which suggests a voluntary 
extension of the neck. 

It is important to estimate accurately enough the posture of the AHBMs at the end of the pre-crash phase, 
since this will facilitate a better understanding of the injuries during the subsequent collision. Moreover, an AHBM 
with an accurate prediction of the kinematics can serve as a tool to improve and develop new safety systems 
considering the accelerations occurring during pre-crash manoeuvres.  

Most of the currently available AHBMs have been validated using experimental data from the aforementioned 
publications. Although some of them are capable of performing some voluntary tasks, such as exerting forces to 
the steering wheel and brake pedal [15-17], to the authors’ knowledge none of them has the capacity to perform 
voluntary head-neck movements during avoidance manoeuvres. 

Therefore, this study aimed to enhance the HBM muscle control to enable head-neck voluntary movements, 
previously reported in the literature, in order to better predict the kinematics of the occupants during pre-crash 
manoeuvres. To exercise the development of the muscle control algorithm, the 50th percentile male THUMS TUC-
VW AHBM was chosen. The kinematics of the model using the passive version, and two different controllers – 
one with reactive muscle control and the other with additional voluntary muscle control features – were 
compared against experimental data obtained from volunteers experiencing a braking pulse [4] and a lateral 
acceleration [9][26]. Moreover, for those simulations including muscle control, two different levels of activation, 
namely low tensed and highly tensed, were analysed. The purpose of the two different muscle activation levels is 
to represent the volunteers exhibiting larger and shorter excursions, which in turn correspond with lower and 
higher muscle activation levels, respectively. 

The kinematic curves of the passive HBM fall outside the corridor of the volunteers, except for the thoracic 
excursion during the braking pulse. The thoracic excursion is mainly limited by the shoulder seat-belt and 
therefore it does not allow any further forward excursion of the model. The passive HBM, unlike the volunteers, 
does not respond to the external forces and therefore has no muscle activation. It is therefore intended that this 
model will exhibit greater excursions than those exhibited by the volunteers. 

The reactive HBM is able to reproduce the forward excursion during the braking pulse as well as the lateral 
excursions during the acceleration phase for the configuration without lateral structure. However, this model fails 
to reproduce the flexion of the head during the braking pulse as well as to mimic the kinematics of the volunteers 
during the lateral acceleration when the lateral structure was placed to the right-hand side. 

Finally, the voluntary HBM significantly improves the head flexion of the HBM during the braking pulse for the 
low tensed muscle activation by initiating the control of the voluntary neck extension. Moreover, the lateral 
bending controller improves the performance of the HBM subjected to the lateral acceleration with the lateral 
structure. However, only the highly tensed HBM is capable of reproducing kinematics comparable to those 
exhibited by the relaxed volunteers during the deceleration phase of the pulse. None of the presented muscle 
control algorithms is capable of simulating the kinematics of the braced volunteers during the deceleration phase 
of the lateral pulse. The authors hypothesise that further voluntary movements can be identified during the 
deceleration phase and together with greater co-contraction of the antagonist muscles could improve the 
performance and stabilisation of the AHBM during this phase. 

Future work will focus on the implementation of the muscle control algorithm to a 5th percentile female HBM, 
including its validation using experimental data acquired with female volunteers. 

V. CONCLUSION 

The implementation of a novel voluntary head-neck muscle control algorithm into an AHBM yields more 
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accurate predictions of kinematics during braking and lateral manoeuvres than the reactive AHBM, as evidenced 
by the comparison with the volunteer experimental responses. The muscle control algorithm considers input 
variables representing the visual, vestibular and proprioceptive systems. In particular, during lateral accelerations 
the model is capable of reacting differently depending on the proximity of its head to the surrounding 
environment. This enables the AHBM to demonstrate an inward rotation of the head, comparable to those 
observed in in-vehicle volunteer experiments. It is also able to represent volunteers exhibiting varying degrees of 
muscle activation. Moreover, it is not necessary to calibrate the muscle controller parameters for each load case. 
These parameters remain valid for multidirectional loading, as the muscle control relies on the lengthening of the 
muscles. Lastly, the parameters of voluntary muscle control do not require calibration for varying load levels or 
different vehicle types. This is due to the fact that the muscle activation levels are determined by the firing rate 
of neurons, which, in turn, is solely dependent on the movement of the HBM and its distance to the surrounding 
structures. 
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VII. APPENDIX 

A. Additional Simulation Results – Braking Load Case 

 
Fig. A1. Shoulder seat-belt force for the simulation with the passive, reactive and voluntary muscle controls with 
two muscle states compared to the validation data from Huber et al. [4][39]. 
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B. Additional Simulation Results – Lateral Acceleration Load Case 
 

  
(a) First thoracic vertebra lateral excursion. (b) Eighth thoracic vertebra lateral excursion. 

 
(c) Sacrum lateral excursion. 

Fig. B1. T1, T8 and sacrum lateral excursion of the passive and reactive muscle controls with two muscle states 
compared to the sled volunteer experiments without lateral structure from Sandoz et al. [9]. 
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(a) First thoracic vertebra lateral excursion. (b) Eighth thoracic vertebra lateral excursion. 

 
(c) Sacrum lateral excursion. 

 
Fig. B2. T1, T8 and sacrum lateral excursion of the reactive and voluntary muscle controls with two muscle 
states compared to the sled volunteer experiments with lateral structure from González-García et al. [26]. 

 

 

 

C. Clustering scheme for neck muscle control 

   
(a) Anterior view (b) Side view (c) Posterior view 

Fig. C1. Clustering scheme applied to the 18 controllers of the neck muscles. 
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