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Abstract Up until now, various Active Human Body Models (AHBMs) have been developed using different
anatomical references, validation data, modelling approaches and simulation software programs. Nevertheless,
all these models should comply with the same validation requirements to deliver equivalent simulation results.
This study focusses on the comparison of several AHBMs in different finite element software codes against the
recently published experimental data for the head-neck kinematics. The main goal of such a comparison is the
evaluation of the behaviour of different models when it comes to application in virtual testing procedures.
Simulations were conducted based on a multi-dimensional simulation matrix varying two software codes, two
muscle material models, two muscle control approaches and three existing AHBMs. Outcomes were compared
to volunteer’s head centre of gravity vertical displacement trajectories resulting in the CORA evaluation rating
from marginal to fair (0,281 — 0,636).

Keywords Active Finite Element Human Body Model, Muscle Material Modelling, Extended Hill-type Muscle
Material, Muscle Control Strategies, Neck muscles.

. INTRODUCTION

In the past several years, Finite Element (FE) Active Human Body Models (AHBMs) have become a common
tool for scientists and engineers working in the field of automotive safety systems development. At the same
time, they continue to undergo development and validation processes. Thus far, a growing number of recent
studies introduced AHBMs with the musculature and a controller operating on the full-body scale. The one worth
mentioning are the SAFER AHBM [1], the THUMSV5 [2], the GHBMC [3], the THUMS TUC-VW AHBM [4] and the
A-THUMS-D [5-6] models. As a result, AHBMs are more and more applied to the virtual development of advanced
vehicle protection systems. Same as for the hardware testing, this process requires a comparable and harmonised
outcome to be delivered by different models with the simulations run in various engineering software programs.
Previous research has established the procedure to compare kinematics and results with various pedestrian
human body models [7], but such works are rare for the AHBMS as of the authors’ knowledge.

Different studies indicate the significance of appropriate control strategies for cervical muscles during low-
speed events. The work [8] showed that both a control strategy mimicking the neural feedback of the vestibular
system and a controller based on the muscle spindles’ displacement feedback improved the head kinematics of
the ViVA OpenHBM when compared to the passive model. Besides, the kinematic response of the SAFER AHBM
was similarly improved by the use of closed loop controllers based on angular position and muscle length
feedback in the study performed in [9]. The incorporation of the activation dynamics and reflex recruitment to
GHBMC [10] and SAFER AHBM [11] FE models demonstrated improvement of vertebral kinematics and suggested
the feasibility of such methods in predicting head-neck kinematics in low-severity impact scenarios.

The aim of this paper is to compare simulation results based on the multi-dimensional simulation matrix with
the “Falling Heads” experimental data [12]. The simulation matrix dimensions consist of the two software codes
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LS-DYNA and VPS; three AHBMs THUMS v5 [2], THUMS TUC-VW AHBM [4] and A-THUMS-D [5]; two Hill-type
muscle material models [13-14] and two muscle control approaches of Lambda Control and Stretch Reflex
Control.

Il. METHODS

“Falling Heads” Experimental Data

We used the newly published “Falling Heads” experimental data [12] to investigate the head-neck complex’s
response and passive properties as a basis for the comparison of AHBMs. The publication included 19 volunteers
in total (10 female and 9 male). Height, weight, body mass index (BMI) and respective standard deviations for
male subjects corresponding to FE AHBMs used are given in Table I.

During performed trials, volunteers were lying down on a horizontal table unrestrained in the supine position
with the arms placed on the abdomen. The T1 vertebra was placed over the table’s edge, and the body maintained
its relaxed position on the table under gravity. A specifically designed trapdoor supported the head. To account
for the different anthropometries of the volunteers the table height and position in relation to the trapdoor were
controlled to ensure that (1) the edge of the table is parallel and on the same height as the trapdoor, (2) the
volunteer's is always placed in the same marked position on the top surface of the trapdoor. This head support
was fixed in the space due to measuring equipment calibration reasons.

Participants were asked to completely relax their muscles, which was monitored by surface electromyography
(EMG) of the Sternocleidomastoideus and the Trapezius muscles. The experiment started with a sudden release
of the trapdoor when EMG signals were on background noise level for more than 0.5 s. After that, the head-neck
complex was subjected to the gravitational load and moved downwards until the person contracted respective
muscles, trying to compensate for the head fall movement.

Three markers attached to the head were tracked to identify its translational and rotational movements.
Vertical displacement of Marker 2 (Fig. 1) corresponds to the head centre of gravity (COG) projection in the
sagittal plane and will be utilized in the current study as a reference data. The authors believe that displacements
data of only one marker could be considered accurate enough for the aims of the current study, considering that
in [12]: 1) the THUMS v5 model results were validated against the quantities depending on the multiple markers
signals and showed good correlation based on the L2 Loss Function error estimation; 2) A-THUMS-D and THUMS
TUC-VW AHBM models will deliver results comparable to the THUMS v5 with the same initial and boundary
conditions.

The choice of the experimental data was based on the fact that it deals with the head-neck complex, which is
essential for occupant safety, and that it has a relatively simple setup that is easy to replicate. It allows to evaluate
the contribution of existing model elements in the neck region (e.g. soft tissues material properties and contact
definitions) and to test the performance of muscle controllers with different settings.

UMI‘, o3 TABLE |
IyK M ) VOLUNTEER’S MEAN DATA VALUES [12]
? 51.9+20.7
X

B Age [Years]
TN ) Weight gl | 720486

- Height [m] 1.78 £ 0.03
BMI [kg/m?] 22.6+2.5

Fig. 1. Volunteer placement in a supine position as per
experimental protocol for relaxed human behaviour study [12].

Muscle Material Models

Two different muscle materials, based on a macroscopic Hill-type formulation in two software codes, LS-
DYNA [15] and Virtual Performance Solution (VPS) [16], were used in this work.
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LS-DYNA

In LS-DYNA, the muscle materials used were *MAT_MUSCLE (*MAT_156) [13] and the user-defined Extended Hill-
type material (EHTM) [14][17-18]. The first one has three simple elements in parallel: a contractile element (CE);
a parallel elastic element (PEE); and a parallel damping element (PDE) (Fig. 2(a)). The second material consists of
four elements: a CE and a PEE in series with a serial elastic element (SEE) and a serial damping
element (SDE) (Fig. 2(b)). Hatze's activation dynamics function [19], which models the non-linear free calcium ion
concentration and is dependent on the muscle length, was used to activate both materials. Additionally, the
EHTM has an integrated controller that enables the use of the different control strategies [12][18] some of which
were used in the current contribution and will be described in the following.

VPS

For VPS, the used 1D muscle materials are the Hill-type muscle material, corresponding to the structure presented
in Fig. 2(a) and the extended Hill-type muscle material (EHTM), a tendon-muscle complex material following the
structure shown in Fig. 2(b). The VPS EHTM material (type 241) is based on the implementation of EHTM made in
LS-DYNA by [14]. As for VPS Hill-type material (type 240), the implementation architecture contains three
sections. While the part of muscle type permits the definition of geometrical parameters, the EHTM material
(type 241) definition manages all physical parameters and behaviours. The muscle activation characteristics are
controlled by one of three activation models available for the VPS EHTM material (type 241). In addition to a time-
dependent activation level by curve definition, which is already available for VPS material type 240, two dynamic
activations can be selected: the Zajac dynamic activation model depending on the neural activation level, which
is defined as a stimulation curve; and the Hatze dynamic activation model depending on the neural activation
level and on length-dependent sensitivity of Ca?* level change (see [14]). A comparison between the behaviour
of both VPS muscle materials was carried out on concentric contraction load case experiments reported in [20]
(see Appendix A).

‘ ._| CE muscle tendon
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| | : | = ce | L lspp
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Fig. 2. Element structure of (a) the generic Hill-type muscle model existing in LS-DYNA (*MAT_156) and VPS (MAT_240)
and (b) newly proposed Extended Hill-type muscle model [14].

For simplicity, the notation HTM (Hill-Type Muscle) will be used hereafter for the generic model existing in VPS
(MAT_240) and LS-DYNA (*MAT_156), while the newly proposed MAT 241 in VPS and the
*MAT_USER_DEFINED_MATERIAL_MODELS in LS-DYNA will be denoted as EHTM (Extended Hill-Type Muscle).
Generic muscle parameters for both models are presented in Appendix B.

Muscle Elements Control Approaches

Two different closed-loop control strategies based on the muscle length are utilized in this study: (1) reflex
controller; and (2) Lambda controller. The main difference between them is how the controlled variable is set
before and monitored during the simulation. They have a different workflow depending on the software code
used. These aspects are covered below.

LS-DYNA

The behaviour of the length-based feedback reflex controller integrated into EHTM can be defined by the user
with four variables in the material card: the controller start time t.,,¢, the neural delay time 7, the reference
length of the contractile element l¢ .. and the strain threshold w [12][17][21]. The reflex controller is primed
once the simulation time t has exceeded the sum of t.,,+» and t. This allows for both the definition of a controller-
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free model repositioning time at the start of the simulation through t.,,.:-, as well as a representation of the
biophysiological neural delay present in the human nervous system through 1. Once the reflex controller has been
activated, the contractile element strain .5 is calculated using Equation (1):

_ lCE,delay - lCE,ref
Ece =

(1)

lCE,delay
with
lee getay = lep(t — 7). (2)

If ecg surpasses the strain threshold w, then a constant stimulation signal of STIM=1 is emitted by the reflex
controller. This stimulation level is held as long as &g is greater than zero. Only once l¢g geiqy is €qual to or
shorter in length than l¢g . does the reflex controller cease to produce a muscle stimulation, and it will only be
reactivated if ecp > w at a later time step.

The threshold values w = 0.02 and w = 0.05 for the current study were selected based on the L2 Loss Function
error estimation for the simulations with THUMSV5 performed for a range of threshold values (0.01-0.10) in [12].
This range is based on a preliminary study with the GHBMC model [10], where strain threshold sensitivity was
evaluated using the CORA method and suggested a basis for the application of the reflex controller.

The second control option is a closed-loop controller based on the muscle length called the Lambda controller.
It is meant to emulate the function of the muscle spindles, which sense the stretch of the muscle fibre and allow
the human brain to regulate the muscle length to reach a desired state. The stimulation output of the Lambda
controller u, is calculated as follows:

k
£ (ICE,delay - /1) (3)

u, =
lCE,opt

where k,, is the controller proportional feedback gain (associated with muscle spindle signal), lcg op¢ is the
optimal contractile element fibre length, lcg 4e1qy (t) is the delayed contractile element fibre length and 4 is the

desired contractile element length [6].
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Fig. 3. Flowchart of the VPS-SimulationX coupling established for muscle feedback control in THUMS TUC-VW AHBM. q,
is the muscle tone and ND — the neural delay.

VPS

The VPS-SimulationX coupling allows for the continuous exchange of data between the FE and one or more
analytic model(s). To enable dynamic control of the muscle activation, the current exchange features of muscle-
related quantities permit the transmission of parameters from the FE model, such as length, strain, strain rate
and total force magnitude. On the other hand, the output variables of the muscle control are transferred to the
FE model. This approach is used for the THUMS TUC-VW AHBM muscle control, particularly for the one based on
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a closed-loop Lambda controller with the formulation presented in Equation (3) [4] (Fig. 3). The elongated
muscles are activated to reach the target lengths given as input to the muscle algorithm. Furthermore, only in the
case of the THUMS TUC-VW AHBM, an additional parameter has been integrated to account for the co-
contraction of the antagonist muscles [22]. Specifically, a 5% co-contraction level is considered in this model. The
developed dynamic control of the muscle activation is a function of the current muscle length and strain rate
exported by VPS during the simulation. However, the muscle activation is not immediately exchanged to the
AHBM, but rather is saved in a vector until the neural delay is reached [23-24]. In this study, the reflex control
mentioned in Equation (1) was integrated into SimulationX, although in this case the strain variable considers the
total muscle-tendon unit (MTU) length [y, instead of the contractile element length [.f.

Active Finite Element Models Used in the Study

The three different FE AHBMs used for the simulations are briefly described in the following paragraphs,
complemented by the list of neck muscles for all models utilized in the study given in Appendix C.

THUMS v5

THUMS (Total Human Model for Safety) version 5.02.1 Academic, referred to hereafter as THUMS v5, was used
in this study by the University of Stuttgart. THUMS v5 was jointly developed by Toyota Motor Corporation and
Toyota Central R&D Labs. Inc [2] and aims to represent a 50" percentile male with a height of 175 cm and a weight
of 74.0 kg, including 256 skeletal muscles comprising 808 parts with 1,726 elements [25]. Only 23 neck muscles,
forming 90 parts with separate self-written controller code included into EHTM, were activated during
simulations.

A-THUMS-D

A-THUMS-D is an AHBM developed for internal applications at Mercedes-Benz AG in LS-DYNA. The model
represents a 50" percentile male with 175 cm height and 75.7 kg weight. The model has been implemented with
172 muscle groups (86 on each side of the body), represented by 878 beam elements (LS-DYNA ELFORM 3) [26].
The curvature of muscles was captured by using a routing approach with multiple beam elements in series
connected at routing nodes. The *PART_AVERAGED keyword in LS-DYNA was used to maintain a common tensile
force in all serially connected elements in each muscle strand.

Two different approaches to integrate a muscle controller dependent on the muscle material model (HTM or
EHTM) are used in the model. For *MAT_MUSCLE, a Hybrid Equilibrium Point Controller (Hy-C) [6], coupled with
activation dynamics proposed by [19], was incorporated as an external subroutine. The subroutine is coded in LS-
DYNA common keywords. The associated *DEFINE_CURVE_FUNCTION keyword for each controlled muscle was
set, and the curves were referred to in *MAT_MUSCLE. The neural delay was implemented using the *DELAY
function. *MAT_MUSCLE governs the contraction dynamics of the muscle depending on the activity level
computed by controller code, and axial stress is generated in a muscle based on the instantaneous activity level,
muscle length and contraction velocity. For the EHTM, the built-in Lambda and Reflex controllers described above
were used. A user manual on how to employ the two control methods can be found in [21].

THUMS TUC-VW AHBM

The AHBM used by Volkswagen in this study is the THUMS TUC-VW AHBM, a 50" percentile male (height: 175
cm, mass: 78.6 kg). This model is based on the THUMS TUC 2019 version realized in VPS code [16][27-28]. This is
a passive HBM originally based on THUMS version 3.0 developed by Toyota Central R&D Labs., Inc. [29]. The initial
upgrade towards an active HBM carried out at Volkswagen is described in detail in [4]. The AHBM has been further
improved by performing necessary modifications concerning passive properties, with the aim of reducing the
joint and overall HBM stiffness of the original THUMS v3 HBM, which is intended only for in-crash applications [4].
These improvements [30], also addressing the numerical robustness, are related to the soft tissue materials for
passive muscle tissue and ligaments of the cervical vertebrae, according to available literature data [31-36]. The
muscle action lines were modified from straight to curved paths to achieve biofidelic moment arms. In addition,
muscle element fixations were attached to a larger area than just to a single node [37]. The complete model size
is almost 240,000 nodes, including 654 1D-element muscle parts activated by 66 controllers.
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Simulation Matrix of the Study

Simulations were conducted based on the multi-dimensional simulation matrix shown in Table Il. The total
number of simulations runs with and without the controller active for all FE AHBMs and both muscle material
models was 17. Six “relaxed” simulations with the controller deactivated were done to evaluate the passive
properties of the models depending on the two different muscle materials. A reflex controller integrated into the
EHTM [18] was applied with two different strain threshold values in the following six simulations. This parameter
defines the maximum allowed elongation of the muscle, after which the feedback reflex controller based on the
muscle length will be activated. Finally, five additional simulations with an active Lambda controller were
performed. The value of the proportional gain k,, for the controller was derived from the equality condition to
the reflex controller with a strain threshold of w = 0.05 following the methodology proposed by [12]. Simulations
with the original THUMS v5 model using the standard LS-DYNA material *MAT_MUSCLE and the Lambda
controller were not conducted as the model itself uses a posture control strategy based on joint angles monitoring
and not the controller based on the muscle length [25].

TABLE Il
SIMULATION MATRIX OF THE STUDY
Model EHTM HTM
No Reflex Reflex Lambda No Lambda
controller, controller, controller, controller, controller, controller,
“Relaxed” w=0.02 w=0.05 Ko=15 “Relaxed” Ke=15
THUMS v5 Yes Yes Yes Yes Yes No
A-THUMS-D Yes Yes Yes Yes Yes Yes
THUI\:E;:\J/IC_VW Yes Yes Yes Yes Yes Yes

| Tatié | Head Support

Fig. 4. Example of the FE AHBM in a supine position on the table and head trapdoor according to the experimental protocol
initial conditions in [12].

Fig. 5. Overlay of the relaxed models’ relative vertebras and skull position before simulations. THUMS v5 is shown in blue,
A-THUMS-D in amber, and THUMS TUC-VW AHBM in green.

Boundary and Initial Conditions for Simulations

To replicate the experimental setup described in the Methods section above as closely as possible, T1 vertebra of
each model was placed over the table’s model edge. Trapdoors model was positioned on the same height parallel
to the edge of the table. According to the setup (see Fig. 1), the weight of the arms is transferred to the table
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through the elbows and shoulders, and the weight of the legs is applied directly to the table through skin contact.
Moreover, bringing occupant models limbs into such a relaxed position would require large scale model
modifications through the repositioning procedure, which is error prone. Therefore, to avoid the undesirable
influence on the results, both upper and lower extremities were removed. Pelvis and sacrum were fixed in space
to minimise the effects of the lower limbs’ absence and to model their weight.

After initial positioning, simulations were done to settle the models under gravity on the table and head support
(to bring them into the “relaxed” volunteer state, Fig. 4). The resulting models were used as the initial models for
all simulations. They were considered identical to the initial positions of the volunteer test subjects during the
experimental trials.

CORA Correlation Analysis

The correlation analysis software CORAplus version 4.0.4 was used to evaluate the simulation results for AHBMs
against experimental data [38]. CORAplus provides validation metrics ranging from 0 (poor match) to 1 (perfect
match) for the range of signals obtained from experimental and computational studies. The CORA global settings
for the interval of evaluation, corridor and cross-correlation, same as the weighting factors, were kept default.

Ill. RESULTS

Evaluation of the initial and boundary conditions for the models is provided below. Vertical displacement of
the head COG for all three AHBMs and simulated load cases is shown on separate figures and compared to the
experimental data. Results are grouped based on the specific control approaches and muscle models for ease of
reading and comparison.

Evaluation of Boundary and Initial Conditions Similarity between Models

To ensure similar initial positions, including internal vertebra and skull postures after relaxation, and to secure
comparable simulation outcomes for all three FE AHBMs, an overlay of the model cross-sections in the median
plane was created (Fig. 5). As seen, good correlation between positions was achieved. Furthermore, a lateral view
of the three models is provided in Appendix D.

Vertical displacement trajectories

To assess the simulation results, vertical displacement trajectories for the head COG of all three models were
compared based on the suggestions form the Methods section. Maximal vertical displacements for all models
and all load cases are presented in Table lll. For a clear graphical analysis, the 17 simulations are divided into
three main categories per the muscle activation scheme: no controller activation (Fig. 6); active reflex controller
(Fig. 7); and active Lambda controller (Fig. 8).

TABLE Il
MAXIMAL VERTICAL DISPLACEMENTS FOR DIFFERENT LOAD CASES [M]
Model EHTM HTM
No Reflex Reflex Lambda No Lambda
controller, controller, controller, controller, controller, controller,
“Relaxed” w=0.02 w=0.05 K,=15 “Relaxed” Kp=15
THUMS v5 -0.125 -0.095 -0.116 -0.125 -0.135 -
A-THUMS-D -0.135 -0.078 -0.112 -0.095 -0.132 -0.093
THUMS TUC-VW -0.126 -0.111 -0.125 -0.109 -0.119 -0.093
AHBM

No Active Controller

Figure 6 shows that the head COG displacement trajectories of all three models follow the slope of the lower
experimental trajectories until the point when some of the volunteers begin to activate their muscles (detected
latency times between 0.18 and 0.087 s [12]). After this moment, simulation results start to fall below the
volunteer trajectories which is explained by the model’s properties and the fact that AHBMs have no controller
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active (see Discussion section for more details). Corresponding CORA ratings for the simulations are in range
[0.524 — 0.600] and can be found in the Table IV.

It is worth mentioning that for the initial 0.08 s all the models behave in a similar manner. After this point, they
split into two groups based on the slope behaviour. The A-THUMS-D and the THUMSV5 using the HTM fall faster
than the THUMS TUC-VW AHBM and the THUMSvV5 with the EHTM material model. As for the difference between
EHTM and HTM material models, the displacement trajectories follow the same pattern, but the EHTM
implemented in THUMS v5 model makes its behaviour stiffer, while the opposite applies for THUMS TUC-VW
AHBM and A-THUMS-D. It is also observed that the A-THUMS-D model shows higher vertical displacements in the
relaxed state compared to both other models.

Time [s] Time [s]
0,00 0,04 0,08 0,12 0,16 0,20 0,24 0,28 0,00 0,02 0,04 0,06 0,08 0,10
0,00 4 \ , ‘ , ‘ , ‘ 0,00 -
£ E 0,01 4
"E -
g o005+ é
E g 002
& 5
: E
3 S om 1
o £
= 10 4 g
0,04
0,15 ~+ 0,05 ~
(a) (b)
——THUMSV5 EHTM Relaxed ——THUMS TUC-VW AHBM EHTM Relaxed A-THUMS-D EHTM Relaxed
----- THUMSv5 HTM Relaxed -===-THUMS TUC-VW AHBM HTM Relaxed A-THUMS-D HTM Relaxed

Experiment Male

Fig. 6. Vertical displacement trajectories for the “Relaxed” models without muscle controller active. Time intervals on the
horizontal axes correspond to the entire experiment lengths (a) and 0.100 s “Zoom in” (b).

Active Reflex Controller

The reflex muscle controller simulation results, with activation thresholds set to w = 0.02 and w = 0.05 and with
the rest of the boundary and initial conditions remaining consistent, are displayed in Fig. 7. For all AHBMs, the
displacement trajectory with a lower reflex threshold lies above the trajectory with a higher one. In terms of
maximum-minimum displacement, the envelope range is defined by the THUMS TUC-VW AHBM EHTM, the lower
results boundary with w=0.05, and A-THUMS-D EHTM, the upper results boundary with w=0.02, respectively.
Quantitative comparison with the CORA method is provided in the Table IV with the score being in range [0.349
—0. 656].

A-THUMS-D model shows the best correlation with the experimental results, being inside the experimental
corridor with w =0.02 (CORA rating 0.656) and slightly lower than the corridor with w =0.05 (rating 0.424).
THUMS v5 retains the slope of the experimental curves being in the lower boundary of the corridor for w = 0.02
(CORA rating 0.628) and below it for w = 0.05 (rating 0.352). THUMS TUC-VW AHBM results are falling below the
corridor for both thresholds, which is partially explained by the difference in reflex controller code
implementation. CORA rating is 0.374 for w =0.02 and 0.349 for w = 0.05. This is addressed in the Discussion
section.

Active Lambda Controller

As shown in Fig. 8, the HTM model produces less displacement compared to EHTM for two FE AHBMs when
applying the Lambda controller strategy. The THUMS v5 EHTM establishes the lower limit trajectory producing
the maximum vertical displacement, with a value of -0.125 m (CORA rating 0.281) in contrast to A-THUMS-D HTM
-0.095 m (CORA rating 0.636 for HTM and 0.598 for EHTM). THUMS TUC-VW AHBM lies between these values
with both materials, having a maximum upper limit trajectory value of about -0.093 m. CORA ratings are 0.634
for HTM and 0.448 for EHTM, respectively. One interesting aspect is that the A-THUMS-D reaches the maximum
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excursion about 0.030 s earlier than the THUMS TUC-VW AHBM. However, different maximum excursion times
can also be observed for the volunteers, ranging from 0.160 s to 0.266 s.

Time [s]
0,00 0,04 0,08 0,12 0,16 0,20 0,24 0,28
0,00 4= } : | ‘ ; : ; . j ; | . |
E 0,05 +
a
]
@
o
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S 0101
o
=
0,15 +
—THUMSV5 EHTM w=2 A-THUMS-D EHTM w=2 ——THUMS TUC-VW AHBM EHTM w=2
----- THUMSV5 EHTM w=5 A-THUMS-D EHTM w=5 ===-THUMS TUC-VW AHBM EHTM w=5

Fig. 7. Vertical displacement trajectories for the reflex muscle controller.
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Fig. 8. Vertical displacement trajectories for the Lambda muscle controller.

CORA Quantitative Rating

For the simulations with the relaxed models, the evaluation interval of 0.0-0.8 s was used for the CORA rating, as
the burst of the muscle response began after that time according to experimental EMG measurements [12]. For
the rest of simulations, the whole interval of 0.0-0.280 s was considered. Results of the quantitative rating
evaluation is presented in the Table IV and on the Fig. 9.

113



IRC-21-21 IRCOBI conference 2021

TABLE IV
CORA QUANTITATIVE RATING FOR DIFFERENT LOAD CASES
Model EHTM HTM
No Reflex Reflex Lambda No Lambda
controller, controller, controller, controller, controller, controller,
“Relaxed” w=0.02 w=0.05 Ko=15 “Relaxed” Ke=15
THUMS v5 0.600 0.628 0.352 0.281 0.524 -
A-THUMS-D 0.580 0.656 0.424 0.598 0.529 0.636
THUMS TUC-VW
0.588 0.374 0.349 0.448 0.596 0.634
AHBM
08 T
0,6 +
0,4 +
02 +
0,0
EHTM "Relaxed” HTM "Relaxed" EHTM Reflex EHTM Reflex EHTM Lambda HTM Lambda
w=0.02 w=0.05

B ITHUMS S OA-THUMS-D B THUMS TUC-VW AHBM

Fig. 9. CORA quantitative rating for different load cases.

IV. DISCUSSION

The current study found a difference in the simulations compared to the experimental volunteer's behaviour.
One can imagine the main reason for such discrepancy being the material properties of the soft tissues composing
the head-neck region. This issue could be addressed by additional validations and improvements of AHBMs
passive properties. Such studies should take into account that mostly soft tissue material properties were
obtained from cadaver subjects and modified according to specific procedures, which do not include reflexive
experiments like the one presented in [39]. Therefore, more research seeking to identify relaxed volunteer
behaviour is needed. Another reason lies in the muscle state during experiment, which should be considered. A
certain level of muscle activation is always present in the living human body, even when relaxed, which was not
taken into account by the control strategies used in this study. Consequently, standardization of the term
“relaxed” regarding AHBMs is also required [3][40-41]. For the experiments used in this study the term “relaxed”
means that the volunteers were asked to relax their muscles before the onset of the movement which was
checked based on the level of background EMG activity [12]. An Additional example of relaxed volunteer
experiments is given in [42]. Proposed leg flexion experiments could be added to a more comprehensive
validation database for AHBMs.

A limitation of this study from the controller perspective is the absence of its omnidirectional application.
However, previous studies have shown that muscle controllers proposed to be used do not depend on the model
orientation in the global coordinate system, and therefore function adequately under any set of boundary
conditions and in any direction. Lambda controller was implemented successfully for the lane change manoeuvre
in [6], where simulation results were compared to the head COG excursion monitored in the sagittal plane (XOZ
plane of the SAE coordinate system plane). The reflex mechanisms based on the muscle lengths feedback were
successfully incorporated and tested against experimental impact data for GHBMC [43] and ViVA OpenHBM [8]
models. Relatively low CORA rating estimation of the vertical displacements in the Z direction of the SAE
coordinate system for the mentioned studies showed that more efforts should be put into the investigation of
muscle controller functioning for this direction. Accordingly, these shortcomings should be addressed in future
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studies.

When considering the reflex control strategy (Fig. 7.), the maximal excursion is reached at different times for
the three AHBMs. This can be attributed to the difference in the EHTM Reflex controller implementation between
LS-DYNA and VPS. For both THUMS v5 and A-THUMS-D, the strain calculation is based solely on the muscle fibre
length l-r and does not include the tendon length. The THUMS TUC-VW AHBM controller in VPS does not
distinguish between muscle and tendon length and operates on the whole MTU-length lyry;. Hence, the
calculated muscle strain for the whole MTU will increase slower than the one in the CE alone, leading to a slightly
delayed AHBM response and lower activation levels. This explains why THUMS TUC-VW AHBM reaches its
maximal excursion later than the other two models while using the same controller parameters and reflex
strategy. The same explanation applies for the lambda controller using the EHTM material. For this reason, the
THUMS TUC-VW AHBM with the EHTM shows a later reaction than with the Hill type material modelling.
Therefore, the study has motivated the aim to having access to the [ for the EHTM using coupling muscular
control in VPS.

On the question of difference in the results for material models with Lambda controller strategy applied, this
study found that AHBMs with EHTM material show slower kinematic response compared to the one with HTM.
This may be influenced by the difference in material elementary structure (see Fig. 2). Thus, having no tendon
representation, HTM contracts faster compared to EHTM under the same activation. This should be taken into
account when using the same controller parameters for both material models.

For the sake of comparison, the same controller gain Kp value was used for all the models considered in this
study in accordance with the recommendation from [12] for THUMS v5. However, it is essential to highlight here,
that controller parameters are model dependent and should be optimized accordingly for A-THUMS-D and
THUMS TUC-VW AHBM. In such a way, higher CORA objective rating values could be achieved than those reported
in Fig. 9. However, the authors believe that AHBM'’s response should be compared with the whole range of
volunteer behaviour and not merely to the particular “average” behaviour.

V. CONCLUSIONS

This study used the “Falling Heads” experimental dataset as a benchmark to compare various AHBMs in
different FE software codes and to provide qualitative and quantitative conclusions that are valuable for
researchers and simulation engineers. We evaluated different muscle materials and muscle control strategies via
17 simulations. Even though THUMS v5, A-THUMS-D and THUMS TUC-VW AHBM are derived from the same
ancestor model, they should be treated as a “population”, not as a “unique individual”, when interpreting the
results obtained. Therefore, they deliver comparable but not coinciding results in terms of head kinematics
reported in the experiments. The reasons for the head displacement differences observed in simulations between
models and in experiment are soft tissue material properties and controller’s parameters.
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VIIl. APPENDIX A: EXPERIMENTAL VALIDATION OF THE HiLL-TYPE MATERIAL MODELS

EHTM was implemented in both software codes before the study. The realization of LS-DYNA material is given
in detail in [14, 18] and in VPS, which is described briefly below.

Figure Al illustrates the improvement of simulated behaviour with VPS EHTM material (type 241) using the
Hatze [19] activation dynamics in relation to the original VPS Hill-type material (type 240) on the example of a
concentric contraction load case experiment with Piglet calf muscle reported in [20]. Figure A2 presents
experimental data and similar simulation results with LS-DYNA. As already seen, for both VPS muscle materials
the simulated maximum total force is identical. A comparable initial contraction velocity is simulated with VPS
material type 240 and type 241, particularly for higher masses. Nevertheless, the VPS material type 240 cannot
represent muscle velocity decrease in agreement with experimental results, in contrast to VPS EHTM material. In
addition, a non-negligible effect of damping parameter in VPS material type 240 was noted. Tuning of this
parameter could improve the obtained maximum velocity.
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Fig. Al. Comparison of the concentric contraction velocities for Piglet calf muscle experiments (line with dots) and
simulations involving suggested material types, MATER 240 (dashed line) and MATER 241 (EHTM, solid line), with Hatze
activation dynamics in VPS.
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Fig. A2. Comparison of the concentric contraction velocities for Piglet calf muscle experiments (dots) and simulations
involving suggested material types, *MAT_156 (dashed line) and EHTM (solid line), with Hatze activation dynamics in LS-
DYNA [14].
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IX. APPENDIX B: GENERIC MUSCLE PARAMETERS

The generic neck muscle parameters for EHTM material in all three models, taken from [44], are provided in
Table B1. A detailed description of them in connection with the latest version of the EHTM FORTRAN code for LS-
DYNA and the manual are available online [21]. Parameters for original HTM differ for various models and are
available in the publications referenced in the section “Active Finite Element Models Used in the Study”.

TABLE B1
DETAILED DESCRIPTION OF GENERIC MUSCLE AND CONTROLLER PARAMETERS
USED FOR EHTM / 241 MATERIALS

Parameter Units Value in Value in Value in
THUMS v5 A-THUMS-D THUMS TUC-VW AHBM
q0 [-] 0.005 0.005 0.05
c [mol/L] 1.3700E-4 1.3700E-4 -
eta [L/mol] 52700.0 52700.0 -
k [-] 2.9 2.9 -
m [1/s] 11.3 11.3 -
dWdes [-] 0.45 0.45 0.45
nCEd [-] 1.5 1.5 1.5
dWasc [-] 0.45 0.45 0.45
nCEa [-] 3 3 3
Arel0 [-] 0.2 0.2 0.2
BrelO [1/s] 2 2 2
Secc [-] 2 2 2
Fecc [-] 1.5 1.5 1.5
LPEEO [-] 0.95 0.95 -
nPEE [-] 2.5 2.5 2.5
FPEE [-] 2 2 2
dusnll [-] 0.0425 0.0425 0.0425
dusl! [-] 0.017 0.017 0.017
Dsde [-] 0.3 0.3 0.3
Rsde [-] 0.01 0.01 0.01
T [s] 0.025 0.025 0.025
k, [-] 15 15 15
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X. APPENDIX C: MAIN NECK MUSCLE GROUPS ACTIVATED IN THE STUDY

TABLE C1
NECK MUSCLES REPRESENTED IN DIFFERENT MODELS
Muscle / Segment Name THUMSv5  A-THUMS-D THUMS TUC-VW AHBM
iliocostalis cervicis Present Present Present
inferior oblique Present Present Present
longissimus capitis Present Present Present
longissimus cervicis Present Present Present
longus capitis Present Present Present
longus colli Present Present Present
rectus capitis anterior Present Present Present
rectus capitis lateralis Present Present Present
rectus capitis posterior major Present Present Present
rectus capitis posterior minor Present Absent Present
scalenus anterior Present Present Present
scalenus medius Present Present Present
scalenus posterior Present Present Present
semispinalis capitis Present Present Present
semispinalis cervicis Present Present Present
splenius capitis Present Present Present
splenius cervicis Present Present Present
sternocleidomastoid Present Present Present
sternohyoideus Present Absent Absent
superior oblique Present Present Present
levator scapulae Present Present Present
trapezius Present Present Present
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XI. APPENDIX D: COMPARISON OF THE AHBMS “RELAXED” POSITIONS

Position of all three HBMs in relation to the table and head support is shown in Table D1.

TABLE D1
POSITION OF THE AHBMS IN RELATION TO THE TABLE
Model Position on the Side View

THUMS v5

A-THUMS-D

THUMS TUC-VW
AHBM
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