
Kato 1 

A STUDY OF MUSCLE CONTROL WITH TWO FEEDBACK CONTROLS FOR POSTURE AND 
REACTION FORCE FOR MORE ACCURATE PREDICTION OF OCCUPANT KINEMATICS IN 
LOW-SPEED FRONTAL IMPACTS 
 
Daichi Kato 
Yuko Nakahira 
Masami Iwamoto 
Toyota Central R&D Labs., Inc. 
Japan 
 
Paper Number 17-0004 
 
ABSTRACT 
 
In future automotive crashes that involve advanced safety vehicles or autonomous vehicles, the number of 
minor or moderate injuries may increase because of vehicle slowing by safety systems such as autonomous 
emergency brakes. Recent studies suggest that pre-crash muscle activity of occupants could have significant 
effects on the kinematics of occupants in such situations. In previous studies, we developed a human body 
finite element (FE) model with whole-body muscles and a muscle controller with posture control to predict 
relaxed occupant kinematics during deceleration. However, the controller could not predict tensed-occupant 
kinematics. The objective of this study is to develop a muscle controller for more accurate prediction of 
relaxed- and tensed-occupant kinematics and to validate it in low-speed frontal crash situations. 

Total HUman Model for Safety (THUMS) version 5, including 262 one-dimensional Hill-type muscle models, 
is used and a new muscle controller using proportional-integral-derivative (PID) control is developed. The 
controller has two feedback controls involving three-dimensional angles of 16 joints and reaction forces using 
a steering wheel and pedals. The control of each joint angle works to return to the initial joint angle in order to 
maintain overall body posture. The control of each reaction force works to achieve a pre-determined target 
force. The controller is validated using a series of experimental data from cadaver and volunteer tests 
reproducing low-speed frontal impacts with peak sled accelerations of 2.5 G and 5.0 G, which are obtained 
from the literature. 

Simulation results demonstrate that head excursions predicted without any control and when using only 
posture control are similar to excursions from cadaver and relaxed volunteer test data, respectively. Head 
excursions predicted by a total controller with the two feedback controls of posture and force show a tendency 
similar to that for tensed volunteers. The forces predicted by the total controller are similar to those for the 
tensed volunteer test data for the pedals but not for the steering wheel. 

Further studies on optimization methods are needed in order to determine valid PID gain parameters in various 
dynamic environments. THUMS using the developed controller shows the potential for representation of both 
relaxed- and tensed-occupant kinematics during low-speed impact decelerations. 
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INTRODUCTION 

Recently, active safety systems such as 
autonomous emergency brakes (AEB) have been 
developed and implemented by several automobile 
manufacturers in cars on the market to prevent 
imminent accidents and thereby to reduce the 
number of fatalities more effectively than with 
only passive safety systems. In future automotive 
crashes involving advanced safety vehicles or 
autonomous vehicles, the number of severe 
injuries may decrease because of reduced 
vehicular impact speeds owing to pre-crash 
technology such as AEBs. However, we consider 
that the number of minor or moderate injuries with 
different tendencies from those of high-speed 
frontal collisions may increase due to possible 
changes in occupant kinematics owing to AEBs. 

Ejima et al. [1] performed a series of volunteer 
tests using adult male subjects seated on a frontal 
impact sled system with a peak deceleration of 0.8 
G, corresponding to that of a pre-crash event, with 
AEBs. They found that occupant kinematics with 
relaxed muscle conditions, i.e., assuming that the 
occupant does not anticipate a collision, were 
different from those for the tensed-muscle 
condition, i.e., in which the occupant anticipates a 
collision, and that occupant muscle activity could 
change postures just before collisions. Beeman et 
al. [2,3] performed a series of experimental tests 
with five male volunteers and three cadavers using 
a frontal sled with peak accelerations of 2.5 and 
5.0 G, which simulated low-speed crash 
decelerations. They found that muscle activity 
could have significant effects on occupant 
kinematics during low-speed frontal impacts. 

Some researchers have developed computational 
human models with active muscles. Human models 
are useful for investigating muscle activity effects 
on occupant behavior both in pre-crash and during 
crash events; in contrast, it is very difficult in 
volunteer tests to reproduce various crash 
situations. Meijer et al. [4] developed a multi-body 
human model including the muscles of the neck, 
arms, and legs. Each human body part was 
modeled as a rigid body, each joint was modeled 
with a mechanical joint, and each muscle was 
modeled using Hill-type muscle elements. They 
applied their model to prediction of occupant 
behavior during braking and impact by using 
proportional-integral-derivative (PID) control and 
tried to represent relaxed and braced muscle 
conditions by setting co-contraction levels of 
antagonist muscles. Östh et al. [5] developed a 
human body finite element (FE) model with some 

muscles in the neck, trunk, and upper extremities. 
They incorporated muscles modeled using Hill-
type muscle elements into a human body FE model 
called Total HUman Model for Safety (THUMS) 
version 3 [6], and applied their model to predicting 
occupant behaviors during decelerations applied 
by AEB or driver braking. Furthermore, they 
attempted to represent occupants with different 
muscle activity conditions by changing the 
reference posture control positions [7]. 

These researchers estimated occupant muscle 
activations using posture control with PID control 
by using information about translational and 
rotational displacements of joints or feature points. 
However, especially in braced conditions, some 
forces at contact areas between the human body 
and the vehicle interior may affect occupant 
behavior in pre-crash and during a crash. Hault-
Dubrulle et al. [8] conducted a series of volunteer 
tests to analyze the behavior of 80 drivers during 
critical events using a driving simulator. They 
showed that forces exerted on the steering wheel 
and the brake pedal during collisions increased on 
average by approximately 37% and 51%, 
respectively, in comparison with normal driving. 
Beeman et al. [2] showed that elbow and knee 
joint angles were extended with increased forces at 
the steering wheel or pedals in the braced 
condition in comparison with the relaxed 
condition. Therefore, forces generated by muscles 
are important in predicting occupant behavior in 
the braced condition. 

The objective of this study is to develop a new 
muscle controller with two feedback controls for 
posture and reaction forces imparted at the steering 
wheel and pedals for more accurate prediction of 
occupant kinematics with various muscle 
activations. We apply the developed controller to a 
human body model and validate it against 
volunteer test data obtained in dynamic 
circumstances of low-speed frontal crash 
situations. In addition, a braced condition 
reproduced by using constant muscle activation 
levels based on electromyography (EMG) data as 
in the previous study [9] is compared with the 
braced condition reproduced by the developed 
controller. 

METHODS 

In this study, we developed a muscle activation 
controller for whole-body muscles for THUMS 
version 5 to estimate occupant muscle activations 
by posture control with PID control [10]. THUMS 
is a computational human body FE model with a 
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total number of around 280,000 elements and has 
anatomical structures including the bones, skin, 
internal organs, brain, ligaments, and muscles. The 
muscle parts of THUMS were modeled with Hill-
type muscle properties, and each muscle had the 
capability of generating forces according to 
activation levels given by the activation controller 
at each time step. Muscle activation control was 
performed in parallel with FE simulation. In our 
previous study, the muscle controller was 
developed using Linux C++ and estimated whole-
body occupant kinematics during low-speed 
impact deceleration using THUMS version 5 and 
MPP LS-DYNA version 971 R6.1.2 single-
precision (LSTC, USA). However, MPP LS-
DYNA R8.0.0 single-precision (LSTC, USA) was 
released in 2015, and a PID controller was newly 
added as an internal function. By using this 
function, we have recently developed a controller 
for head-neck muscles for posture control so that 
simulations with muscle controls can be performed 
using only LS-DYNA [11]. In this study, we 
expanded the head-neck muscle controller to 
whole-body muscles. In addition, the calculation 
methods for each joint angle and for the muscle 
controller were modified. 

We newly developed a muscle controller for 
reaction force control using PID control and 
integrated it with the posture control to represent 
braced conditions of volunteers as shown in Figure 
1. The following section describes the definition of 
joints and the calculation method for each joint 
angle as well as the muscle controller for posture 
control, reaction force control, and total control of 
posture and force. 

 

 

Figure 1. The developed muscle activation 
controller. 
 
Definition of Joints and Calculation Method for 
Joint Angles in the New Muscle Controller 
In an update of previous studies [10,11], the 
human whole-body was divided into 17 body parts, 
where the trunk was divided coarsely into the 

thorax and the pelvis for simplification, as shown 
in Figure 2. In addition, the new muscle controller 
covered a total of 36 rotations in the anatomical 
joints between body parts as follows: 

• Assumed neck joint: lateral flexion (1), flexion-
extension (2), left rotation-right rotation (3), 

• Assumed trunk joint: lateral flexion (4), flexion-
extension (5), left rotation-right rotation (6), 

• Hip joints: adduction-abduction (7, 8), extension-
flexion (9, 10), internal rotation-external rotation 
(11, 12), 

• Knee joints: flexion-extension (13, 14), 

• Ankle joints: inversion-eversion (15, 16), plantar 
flexion-dorsiflexion (17, 18), 

• Assumed scapulo-thoracic (ST) joints: 
depression-elevation (19, 20), flexion-extension 
(21, 22), 

• Shoulder joints: adduction-abduction (23, 24), 
backward extension-forward flexion (25, 26), 
internal rotation-external rotation (27, 28), 

• Elbow joints: extension-flexion (29, 30), 
pronation-supination (31, 32), 

• Wrist joints: ulnar deviation-radial deviation (33, 
34), extension-flexion (35, 36). 

The posture of the scapulas and the upper arms 
were defined based on the thorax posture in 
definitions of the ST and shoulder joints. 

 

 

Figure 2. Definition of body parts and joints. 
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calculation method for joint angles. In previous 
studies [5,10], each joint angle of the FE model, in 
which joints were not defined by mechanical 
joints, was calculated as an angle between three 
points. However, when considering three-
dimensional angles for each joint, the previous 
method cannot express rotation around an axis 
linking two points. Therefore, in this study, we 
introduced a new method for calculating joint 
angles in the FE model. Each joint angle is 
calculated by the following procedure: 

1. Select three nodes in each body part among the 
17 body parts to define a local coordinate system 
in the body part. 

2. Define a base vector set of the local coordinate 
system in each body part. For example, as shown 
in Figure 3, when the selected X-Y plane is 
defined by three nodes and two vectors of X1 and 
Y1 out of the three nodes, including the origin, are 
defined, the X axis is set along the vector X1 and 
the Z axis is obtained from the cross product of X1 
and Y1. In addition, when a vector Z1 is defined 
along the Z axis, the Y axis is obtained from a 
cross product of Z1 and X1. The base vector set 
for a body part is defined along the three axes as 
three vectors whose sizes are 1. 

3. Calculate the rotation matrix of each joint from 
two base vector sets of two adjacent body parts. 
For example, the base vector sets of the thorax and 
the head coordinate systems are used to calculate 
the neck joint angle. 

4. Convert the rotation matrix into Cartesian 
rotation vectors in the direction of the rotation axis 
and with lengths equal to the amplitude of the 
rotation [12]. 

5. Express the Cartesian rotation vectors in a local 
coordinate system on the side close to the pelvis 
among the two local coordinate systems. For 
example, in the neck joint, the Cartesian rotation 
vector is expressed in the thorax coordinate 
system. 

Cartesian rotation vectors are more advantageous 
compared with other expressions of rotation angles 
such as Euler angles from the viewpoints of easy 
geometrical interpretation and the absence of 
kinematic singularities. 

 

 

Figure 3. Definition of a local coordinate system. 
 
Development of a Muscle Controller for Posture 
Control 
The posture control was modified somewhat from 
that reported in the previous study [10]. The PID 
controllers were represented by the PIDCTL 
function implemented in LS-DYNA. The 
controller function calculates control signals ju  

based on the errors je  (rad), which are differences 
between each joint angle and each target angle 
defined as follows: 
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where the subscript index j  (=1, …, 36) 
represents each of the 36 rotations covered by the 
controller, jkP  (rad-1), jk I  (rad-1 s-1), and jkD  

(s/rad) are PID gains, and nt  (s) is the current time 
step. Furthermore, the target angle was set as the 
initial joint angle to maintain the initial posture of 
the model. 

The calculation of muscle activation levels was 
based on the expression [10] describing the firing 
rate of muscle motor neurons using a sigmoid 
curve. Muscle activation levels iaposture  with a 
range of 0 to 1 were calculated according to 
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where the subscript index i  (=1, …, 218) 
represents each of the 218 muscles except for 
muscles of the hands and the feet, 0

iA  are base 

activation levels, iC  are muscle activation 

coefficients, S  and B  are constants of a sigmoid 
curve, is  are sigmoid curves, and iw  are 

intermediate variables. In addition, jiR  are the 
percentage contributions of each muscle to each 
joint motion, which were determined according to 
the information on the role of each muscle 
described in anatomical texts (e.g. [13]). For 
example, we show some percentage contributions 

jiR  of right lower-extremity muscles for hip and 
knee joint motions in Table A1. This expression 
formula using a sigmoid curve is one of the 
hypotheses used in this study, but it has the 
potential to express the threshold of muscle firing 
using the constants S  and B . However, because 
of a lack of data for expressing the threshold 
quantitatively, in this study, the constants S  and 
B  were provisionally set to 9.19 and 4.60 
respectively; these values were adjusted so that the 
sigmoid curve changed from 0.01 to 0.99 while the 
intermediate variables iw  changed from 0 to 1. 

Development of a Muscle Controller for 
Reaction Force Control 
In the muscle controller for reaction forces, first 
the error between each estimated reaction force 
and each target force was obtained. The estimated 
reaction force was calculated as described in the 
Appendices. The target forces were set to 300 N 
for each hand and 400 N for each foot in this study 
based on forces measured from a volunteer test on 
a braced occupant [3]. Next, control signals hv  

were calculated based on the errors hε  (N) as 
follows: 
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where the subscript index h  (=1, …, 4) represents 
each force exerted by the hand or foot on the right 
or left side and hKP  (N-1), hK I  (N-1 s-1), and hKD  

(s/N) are PID gains. Finally, muscle activation 
levels  iaforce  for force control were calculated 
according to 
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where hiP  are the percentage contributions of each 

muscle to the pushing force. The values of hiP  
were determined according to anatomical texts 
(e.g. [13]) wherein the role of each muscle is 
described, and the measured EMG data were 
obtained from volunteer tests in a braced situation 
[14]. Specifically, we set values in the range from 
0 to 0.3 for hiP  so that the ST and shoulder joints 
had flexion, the elbow joints had extension, the 
wrist joints had ulnar deviation and flexion, the 
hip joints had extension, the knee joints had 
extension, the ankle joints had plantar flexion, and 
the trunk had extension. For example, we also 
show some percentage contributions hiP  of the 
right lower-extremity muscles to pushing forces on 
the right pedal in Table A1. 

In the total control of posture and force for 
reproducing braced conditions, muscle activation 
levels  iatotal  were calculated according to 
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(Equation 5) 
 
Validation of Frontal Impact Responses 
The posture control and the total controller were 
applied to THUMS version 5, which has a body 
size in the 50th percentile of the American adult 
male (AM50) population with a sitting posture, 
and validated against a series of volunteer and 
cadaver test data obtained from the literature [3]. 

Beeman et al. [3] conducted a series of frontal sled 
tests using five male volunteers of approximately 
AM50 body size and three male cadavers. The 
peak decelerations of the sled were 2.5 G and 5.0 
G for these groups, which are equivalent to 
collisions at 4.8 km/h and 9.7 km/h, respectively. 
Each volunteer was exposed to two sled impulses 
under two muscle conditions, i.e., relaxed and 
braced states. All subjects of the tests sat on a rigid 
seat equipped with a three-point seatbelt and 
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placed their feet on the foot plates and their hands 
on the simulated steering wheel. Occupant motions 
during decelerations were measured using a three-
dimensional motion-capturing system. 

Simulation setups were reproduced using THUMS 
similar to the abovementioned experimental 
setups, as shown in Figure 4. In particular, the 
initial posture of the human subject in each test 
condition was reproduced carefully. We validated 
our muscle controller by comparing excursions of 
the head’s center of gravity (CG) because head 
excursion is critical to understanding occupant 
kinematics in frontal crashes. We performed the 
simulations without muscle activation to reproduce 
cadaveric conditions, with posture control to 
reproduce the relaxed volunteer conditions, and 
with total control of posture and force to reproduce 
the braced or tensed-volunteer conditions. 

 

  
Figure 4. Simulation setup for representing 
frontal sled tests [3]. 
 

RESULTS 

Tuning of Control Parameters 
In order to apply the muscle controller to the 
human body model, tuning of control parameters is 
required. In this study, parameters for posture 
control were first determined by trial and error 
based on comparison with experimental data in 
relaxed volunteer conditions. For simplification, 
common controller gains for posture control were 
used in each of the three parts of the trunk and 
neck, upper extremity, and lower extremity, and 
their P gains were set to 8 rad-1, 10 rad-1, and 2 rad-

1, respectively. On the other hand, the I and D 
gains for posture control were set to zero values 
based on parametric studies which we performed 
to investigate the effects of I and D gains on 
occupant behavior. Next, using the determined 
posture control gains, parameters for force control 
were determined by trial and error based on 
comparison with experimental data in tensed 
volunteer conditions. Common controller gains 

were used for all contact parts, and the P, I, and D 
gains were set to 0.002 N-1, 0.1 N-1 s-1, and 0 s/N, 
respectively. 

Comparison of Head CG Excursions 
Figure 5 shows head CG excursions in the forward 
and downward directions during decelerations. 
Simulation results were compared with test data 
obtained from Beeman et al. [3]. In each 
deceleration of 5.0 G and 2.5 G, cadaver test data, 
volunteer test data in relaxed conditions, and those 
with braced conditions were compared with 
simulation results with no control, posture control, 
and total control of posture and force, respectively. 
In addition, simulation results in the braced 
condition reproduced by using constant muscle 
activation levels based on EMG data as used in the 
previous study [9] were also compared for the 
volunteer test data in braced conditions. The EMG 
data are indicated as “EMG-based muscle 
activation” hereafter, and are shown by dotted 
lines. 

Figure 5 shows that the head excursions of 
cadavers tended to be larger than those of 
volunteers, and the simulation results had similar 
tendencies in both decelerations. In addition, 
simulation results were generally within the range 
of dispersion of cadaver tests. The excursions of 
relaxed volunteers tended to be smaller in 
downward displacements than those of cadavers 
and braced volunteers. The excursions of braced 
volunteers tended to have linear downward 
displacements in the initial period (Figures 5(e) 
and 5(f)). The downward displacements of 
simulation results with total control of posture and 
force were almost the same as for the test data 
while those with EMG-based muscle activation 
could not constrain head excursions sufficiently. 
As shown in Figure 5, simulation results using the 
developed muscle controller showed general 
agreement with test data regarding head CG 
excursions. 

 

Rigid seat Three-point seatbelt

Pedal

Steering wheel

Deceleration
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Figure 5. Comparisons of head CG excursions in 
impact conditions of 5.0 G and 2.5 G 
decelerations. 
 
Comparison of the Reaction Forces 
Figure 6 shows the resultant reaction forces from 
the steering wheel or right pedal in the braced 
condition. Figure 6 also shows the simulation 
results for a braced condition with EMG-based 
muscle activation. Simulation results with total 
control of posture and force were compared with 
the average values of test results measured by 
Beeman et al. [3]. The time 0 s is defined as the 
time when the input of deceleration was started. In 
the simulations, the braced conditions were 
reproduced 0.2 seconds before the input. 

Figures 6(a) and 6(b) show the steering wheel 
forces. Since the force was measured at the 
steering column in the experiment, we compared 
the predicted resultant force, which summed the 
forces of the left and right hands, with those from 
volunteer test data. The tendency of changes in the 
time histories of the predicted forces was similar 

to those of the test data, but the magnitude of the 
predicted force was smaller than that of the test 
data in each deceleration. However, the simulation 
results with muscle activations predicted by the 
developed controller showed larger forces than 
those with EMG-based muscle activation. 

Figures 6(c) and 6(d) show the right pedal forces. 
The forces in the simulation results at the time of 0 
s were approximately equal to those of the test 
data in both decelerations. The forces of the left 
pedal were approximately equal to those of the 
right pedal. 

In addition, the CORrelation and Analysis 
(CORA) method proposed by Gehre et al. [15,16] 
was used for a quantitative evaluation of 
simulation results. CORA release 3.6 was used, 
and the parameter setting was similar to the 
previonus study [9]. This method was available 
only for time history data, and evaluates the 
overall degree of coincidence objectively between 
the simulation results and experimental data. The 
sliding scale of CORA is defined in technical 
report ISO/TR 9790, and evaluated with five 
phases of “Excellent”, “Good”, “Fair”, 
“Marginal”, and “Unacceptable”. Table 1 shows 
the CORA evaluations for simulation results with 
muscle control. The CORA evaluations for the 
steering column force and the right pedal force 
were “Fair” and “Good”, respectively. 

 

 
Figure 6. Comparisons of reaction forces in the 
braced condition. 
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Table 1. 
The CORA evaluations for reaction forces in 

the braced condition with muscle control. 

 
 

DISCUSSION 

Determining Control Parameters 
Östh et al. [5] determined the gains of their PID 
controller for prediction of muscle activation using 
a radial basis function meta-model sampled by 
performing 144 simulations. Furthermore, the 
initial value for their optimization was based on 
iterative calculation used in their previous study. 
On the other hand, Rooij [17] used different 
control parameters for each simulation condition. 
The parameters were originally found by 
optimization [18]; however, the parameters were 
changed using estimates for each test condition. 
Thus, a large number of calculations and 
significant experience are required to determine 
control parameters. 

Since the whole-body FE model that we used is 
not suitable for optimization calculations used to 
determine the control parameters owing to a 
problem of computational costs, in this study, we 
reduced the number of gain parameters for 
simplification, and determined their values by trial 
and error. 

The determination of PID gains is one of the 
primary problems for researchers using PID 
controllers for muscle control. Further study of 
optimization methods is needed in order to 
determine valid gain parameters for predicting 
occupant behavior in various dynamic 
environments. 

Effects of the Muscle Controller 
In this study, we attempted to reproduce the cases 
of volunteers for two muscle conditions of relaxed 
and braced states during low-speed frontal impacts 
using THUMS version 5 and a newly developed 
muscle controller. 

Comparisons between simulation results for 
cadaver test data and for relaxed volunteer test 
data as shown in Figure 5 indicate that the posture 
controller has the potential to reduce downward 
displacement of the head. Since the posture 

controller decreased the flexions of the neck and 
trunk, the head excursions decreased and showed a 
similar tendency for the relaxed volunteer test 
data. From comparisons between simulation 
results for the relaxed-volunteer test data and those 
for the braced-volunteer test data, the total 
controller for posture and force has the potential to 
decrease forward displacement but to increase 
downward displacement. This indicates that the 
force controller had a significant effect on head 
excursions in the anteroposterior direction. 

Expression of the Braced Condition 
To simulate the braced condition, Meijer et al. [4] 
set higher co-contraction levels of antagonist 
muscles than in the relaxed condition. They 
simultaneously contracted both agonist and 
antagonist muscles, thus co-contracting muscles 
around joints without producing any net moment. 
However, even in maintaining occupant postures, 
real humans in the braced condition can increase 
muscular forces and generate forces at the steering 
wheel and the pedals. Figure 6 shows that the 
newly developed total control of posture and force 
generated forces at the steering wheel and pedals, 
although the force at the steering wheel was 
smaller than that from test data. The reason for the 
difference in steering forces between the 
simulation results with total control of posture and 
force and the volunteer test data is probably the 
modeling of the wrist or muscle activation in the 
trunk or shoulder. Further studies are needed for 
sufficient constraints on rotations of the wrist and 
forearm and for determination of reasonable 
percentage contributions of muscles in the 
shoulder or trunk. 

In this study, the newly developed muscle 
controller calculated muscle activations by 
summation of muscle activations predicted by the 
posture control and those predicted by the force 
control, as shown in Equation (5). The posture 
control generated muscle forces to keep joint 
angles from changing while the force control 
generated muscle forces to push the hands or feet 
against the steering wheel or pedals, respectively. 
Although the force control tended to work against 
the posture control, total control of posture and 
force has the potential to increase forces and to 
reproduce forces similar to those obtained from the 
test data without changing the posture. 

 
CONCLUSIONS 
 
In this study, a muscle activation controller 
including two feedback controls of posture and 

Force Deceler-
ation

Corridor
method
rating

Correlation Method Correl-
ation

method
rating

Total
rating

Evalu-
ation

Cross
correl-
ation

Size Phase
shift

Steeing
column

5G 0.293 0.888 0.388 1.000 0.791 0.542 Fair
2G 0.196 0.948 0.332 1.000 0.807 0.502 Fair

Right
pedal

5G 0.544 0.744 0.876 1.000 0.841 0.693 Good
2G 0.733 0.957 0.746 1.000 0.915 0.824 Good
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force using PID control was newly developed to 
predict occupant kinematics in braced conditions 
during low-speed impacts. The controller was used 
to predict muscle activation with THUMS version 
5 including whole-body muscle models, and was 
validated against the observed kinematics of 
cadavers or volunteers during low-speed frontal 
impacts with 5.0 G and 2.5 G decelerations. The 
simulation results for head excursions without 
muscle activation, with posture control, and with 
total control of posture and force generally agreed 
with those from cadaver test data, relaxed 
volunteer test data, and braced volunteer test data, 
respectively. In addition, the forces predicted at 
the pedals showed good agreement with those 
from the test data in the braced condition, although 
the forces predicted at the steering wheel were 
smaller than those in the test data. Although 
further studies of optimization methods are needed 
in order to determine valid PID gain parameters 
for various dynamic environments, the developed 
controller showed the potential for more accurate 
prediction of both relaxed- and braced-occupant 
kinematics closer to those of real occupants than 
when using the previous controller. 
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APPENDICES 
 
Estimation Method for Reaction Forces 
The current version of LS-DYNA R8.0.0 cannot 
perform feedback control for reaction forces even 
though it can perform feedback control for 
displacements. Therefore, we inserted four small 
elastic boxes between the feet and the pedals and 
between the hands and the steering wheel to 
estimate the reaction forces from the box 
deformations, and performed feedback for the 
estimated forces. The boxes, which were shaped as 
rectangular parallelepipeds, were modeled using a 
linear isotropic elastic material. The rotations of 
the contact surfaces between the boxes and the 
human body were constrained at the surfaces of 
the steering and pedals. Generally, the axial force 
F  (N) was calculated based on the axial 

deformation l∆  (mm) in the direction 
perpendicular to the contact surface as follows: 

 

l
l

AEF ∆⋅
⋅

=     (Equation A1) 

 
where E  (N/mm2) is the Young's modulus of the 
box, A  (mm2) is the cross-sectional area of the 
contact surface, and l  (mm) is the original length 
in the direction perpendicular to the contact 
surface. Additionally, by setting Poisson's ratio to 
0, the shear force Q  (N) was calculated based on 
the shear deformation x∆  (mm) as follows: 

 

x
l
AEQ ∆⋅
⋅

=
2

.    (Equation A2) 

 
This is because of the isotropic elastic material 
property of the box. The reaction force of each 
part was estimated as a resultant force. To validate 
this estimation method, we performed a simulation 
in which the right pedal was pushed with the linear 
isotropic elastic box. Figure A1 shows the 
comparison of simulation results between reaction 
forces estimated from deformation and post-
processed contact force between the right foot and 
the right pedal. The simulation results indicate that 
the calculation method has acceptable accuracy. 

 

 

Figure A1. Comparison of estimated force and 
predicted contact force for a pedal force. 
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Table A1. 
Percentage contributions of some muscles on 
right lower extremity (add: adduction, abd: 

abduction, e: extension, f: flexion, ir: internal 
rotation, er: external rotation). 

 
 

 

Percentage contribution
Hip
joint

Knee
joint Right

pedal
force+: add +: e +: ir +: f

Muscle name -: abd -: f -: er -: e
Psoas Major 0.00 -1.00 0.00 0.00 0.00 
Iliacus 0.00 -1.00 0.00 0.00 0.00 
Sartorius -0.10 -0.30 -0.30 0.30 0.00 
Rectus Femoris 0.00 -0.50 0.00 -0.50 0.00 
Tensor Fasciae Latae -0.35 -0.35 0.30 0.00 0.00 
Piriformis -0.25 0.25 -0.50 0.00 0.00 
Superior Gemellus 0.00 0.20 -0.80 0.00 0.00 
Inferior Gemellus 0.00 0.20 -0.80 0.00 0.00 
Obturator Externus 0.50 0.00 -0.50 0.00 0.00 
Obturator Internus 0.00 0.20 -0.80 0.00 0.00 
Quadratus Femoris 0.50 0.00 -0.50 0.00 0.00 
Gluteus Minimus -0.80 0.00 0.20 0.00 0.00 
Gluteus Medius -0.80 0.00 0.20 0.00 0.00 
Gluteus Maximus 0.00 0.70 -0.30 0.00 0.30 
Semitendinosus 0.00 0.40 0.20 0.40 0.00 
Semimembranosus 0.00 0.40 0.20 0.40 0.00 
Biceps Femoris Long Head 0.00 0.50 0.00 0.50 0.10 
Biceps Femoris Short Head 0.00 0.00 0.00 1.00 0.00 
Adductor Brevis 0.80 -0.20 0.00 0.00 0.00 
Adductor Longus 0.80 -0.20 0.00 0.00 0.00 
Adductor Magnus 0.90 0.10 0.00 0.00 0.00 
Pectineus 0.90 -0.10 0.00 0.00 0.00 
Gracilis 0.30 -0.30 0.20 0.20 0.00 
Vastus Lateralis 0.00 0.00 0.00 -1.00 0.30 
Vastus Intermedius 0.00 0.00 0.00 -1.00 0.30 
Vastus Medialis 0.00 0.00 0.00 -1.00 0.30 
Popliteus 0.00 0.00 0.00 1.00 0.00 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



