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A Novel Neuromuscular Head-Neck Model and
Its Application on Impact Analysis

Zhefen Zheng, Fuhao Mo , Member, IEEE, Tang Liu, and Xiaogai Li

Abstract— Objective: Neck muscle activation plays an
important role in maintainingposture and preventingtrauma
injuries of the head-neck system, levels of which are primar-
ily controlled by the neural system. Thus, the present study
aims to establish and validate a neuromuscular head-neck
model as well as to investigate the effects of realistic neural
reflex control on head-neck behaviors during impact load-
ing. Methods: The neuromuscularhead-neckmodel was first
established based on a musculoskeletal model by including
neural reflex control of the vestibular system and propri-
oceptors. Then, a series of human posture control exper-
iments was implemented and used to validate the model
concerning both joint kinematics of the cervical spine and
neck muscle activations. Finally, frontal impact experiments
of varying loading severities were simulated with the newly
established model and compared with an original model
to investigate the influences of the implanted neural reflex
controllers on head-neck kinematic responses.Results: The
simulation results using the present neuromuscular model
showed good correlations with in-vivo experimental data
while the original model even cannot reach a correct balance
status. Furthermore, the vestibular reflex is noted to dom-
inate the muscle activation in less severe impact loadings
while both vestibular and proprioceptive controllers have a
lot of effect in higher impact loading severity cases. Con-
clusions: In summary, a novel neuromuscular head-model
was established and its application demonstrated the sig-
nificance of the neural reflex control in predicting in vivo
head-neck responses and preventing related injury risk due
to impact loading.

Index Terms— Neck, neuromuscular, vestibular, proprio-
ceptor, muscle.

I. INTRODUCTION

MUSCLE support plays a vital role in keeping head
posture and preventing trauma injuries under impacts.

Neuromuscular feedback control of neck muscles is generally
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presented in stabilizing the head-neck system in the presence
of truck motion and other perturbations. Previous experimental
studies have indicated that muscle spindle and vestibular
system contribute to head-neck stabilization control [1]–[4].
Thus, integrating reasonable neural control strategies in a mus-
culoskeletal head-neck model is necessary to quantitatively
investigate the effects of muscle support on head-neck injuries.

In the recent decade, several human body models have
been developed with active muscle control strategies. They
are primarily categorized into finite element (FE) models and
multibody dynamics (MB) models. Taking the FE models
as examples, the SAFER A-HBM developed in the previous
studies modeled the human’s reflexes mechanism for control-
ling cervical spine muscle activation [5]–[12]. The THUMS
Version 5 included Proportion-Integral-Derivative (PID) based
active muscle controllers for all body regions [13]. An angle-
based and length-based active muscle controller was imple-
mented in the ViVA OpenHBM [12]. Pre-activation with the
OpenSim computed muscle control method and PID-based
control strategies were included in the Human Active Lower
Limb (HALL) model for lower limbs [14], [15]. Some MB
models with muscle control strategies were also developed
for investigating active muscle effects during sportive or
impact injuries, etc., from 1-pivot models [16]–[19] to detailed
subsegments [20]–[25]. Recently, Happee et al. [26] developed
a multisegment head-neck model incorporating several neural
controllers in Matlab programming environment. In our group,
Zhang et al. [27] developed a framework for the muscu-
loskeletal model to include the proprioceptive reflex loop and
ascending signals.

Inspired by all those previous works, the present study aims
to develop and validate a neuromuscular head-neck model
with crucial neural reflex control factors including vestibular
and proprioceptive reflex loop, and quantitatively analyze
the effects of these neural feedback control signals on the
mechanical behaviors of the head-neck system during impact
loading. Then, this neuromuscular head-neck model can be
further used for related protective or medical device design
and evaluation in the future.

II. METHOD

A. Neuromuscular Head-Neck Model

Based on an OpenSim head-neck musculoskeletal model
by Mortensen et al. [28] (referred to as the original
model throughout the text), we established a neuromuscular
head-neck model by combing it with a neural reflex control
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Fig. 1. The schematic of the neuromuscular head-neck model with vestibular and proprioceptive feedback control loops.

strategy programmed in Python codes. The original muscu-
loskeletal model included most of the neck muscles that allow
motion in various directions, and approximate passive forces
due to ligaments and other structures by setting rotational stiff-
ness and damping between each vertebral joint. The schematic
of the control strategy of the neuromuscular head-neck model
is shown in Fig. 1. The feedback control loop includes the
vestibular reflex that is composed of semicircular canals and
otolith organs, and the proprioceptive reflex that is composed
of the muscle spindles and Golgi Tendon Organs (GTOs).

When the head or torso is subjected to an external load,
the status of the head-neck skeletal system and its support-
ing muscles change relative to the equilibrium position. The
change of head status brings in the feedback neural stimulation
signals of the semicircular canal and otolith in the vestibular
system, while the change in the supporting muscles leads
to the proprioceptive feedback signals in the muscle and
tendons. The feedback signals are neural excitations based
on the mathematical models of these physiological sensors,
which are extracted referring to the angular velocity and linear
acceleration of the head, the muscle-tendon length and its con-
traction velocity, etc. According to previous studies [29]–[31],
active movements and different external load would alter the
vestibular simuli. In case, two sensitivity parameters of Gs

and Go are defined for the semicircular canal feedback and
otolith feedback loop, respectively. The neural delays between
the vestibular or proprioceptive system and the central nervous
system are set to 13ms referring to the previous study [32]. For
every timestep, the neural excitations for muscle activations
are iteratively calculated by combining the signal of the last
timestep and the feedback neural signals due to the current
dynamic responses after a defined neural delay. Then, they
are transferred to muscle activation levels through activation
dynamics. In the present model, the activation dynamics is
described as following [33]–[35],

da

dt
= u − a

τ

where u and a represent the neural spikes and muscle activa-
tion, and the τ is the muscle stretch delay. The stretch delay
is set to 10 ms for muscle activation and 40 ms for muscle
deactivation.

B. Model Feedback Control Loop

1) Vestibular Reflex: The vestibular system is located in the
inner ear and consists of the semicircular canals and otolith
organs that sense angular and linear motion, respectively.
The semicircular canal organs primarily detect head angular
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velocity. Based on Schneider et al [31]. study, linearized canal
afferent dynamics was selected for its modeling as follows:

Hcanal(s) = k
s(s + 1/T1)

(s + 1/Tc)(s + 1/T2)

Concerning regular afferents, the parameters of the transfer
function are k = 2.83 (spikes/s)/(deg/s), T1 = 0.0175 s,
T2 = 0.0027 s, and Tc = 5.7 s. When concerning irregular
afferents, the parameters of the transfer function are k =
27.09 (spikes/s)/(deg/s), T1 = 0.03 s, T2 = 0.0006 s, and
Tc = 5.7 s.

The otolith organs primarily sense a gravity-in force result-
ing from head linear acceleration and head rotation with
respect to gravity. Fernandez and Goldberg [36] studied the
discharge of peripheral otolith neurons in response to sinu-
soidal force variations in the squirrel monkey. Both regularly
and irregularly discharging neurons were measured. Based
on this study, the afferent dynamics of the otolith organs is
described as follows:

Hotolith(s) =KOTO
(1+kAτAs)(

1 + τAs

1 + kv (τv s)kv )

1 + τM s

Concerning regular afferents, the parameters of the trans-
fer function are kv = 0.188 (spikes/s)/(deg/s), kA =
1.12 (spikes/s)/(deg/s), τA = 69 s, τM = 16 ms, and KOTO =
25.6 ips/g. When concerning irregular afferents, the parameters
of the transfer function are kv = 0.440 (spikes/s)/(deg/s),
kA = 1.90 (spikes/s)/(deg/s), τA = 101 s, τM = 9 ms, and
KOTO = 20.5 ips/g.

2) Proprioceptive Feedback: Muscle spindle and GTOs were
modeled following our previous study [27]. The muscle spin-
dle model was simplified based on Mileusnic et al. [37]
model that simulated the anatomical features of the muscle
spindle. The simplified muscle spindle mathematical model
with reduced computational cost mainly included the primary
afferent firing Ia, which was obtained based on the muscle
stretch information. The expression is as follows:

Ia Primary afferent = G ∗ (
T

K sr
− (L N

sr − L0
sr ))

In this equation, Ksr is the sensory region’s spring constant,
L N

sr is the polar region’s threshold length, L0
sr represents the

sensory region’s rest length, and T represents the muscle fiber
tension as previously described in our study [27].

Considering the GTOs as a kind of force-sensitive
organ [38], we defined it using a simple linear model as in
our previous study:

Ib Primary Afferent =
{

0, F/FMV C< 0.7

p ∗ F/FMV C , F/FMVC> 0.7

Here, FMV C is the isometric contraction force, p is the
maximum fusimotor frequency and F is the muscle force,
respectively.

C. Model Validation

1) Posture Control Experiment: To validate the model
and its controlling strategy, we carried out head-neck bal-
ance control experiments of three postures: normal sitting,

supine and prone. Five male subjects with an average age
of 22±1 years old and an average weight of 62.3±3.2 kg
were recruited for the experiments. Non-self-reported his-
tory of neurological disorders or head-neck injuries were
recruited in the volunteers. The study was approved by the
Second Xiangya Hospital committee (NO. 2018-019), and
informed consent was obtained from the volunteers before
the experiments. The experimental setup is shown in Fig. 2.
First, a postural calibrator was used to adjust and keep the
volunteers’ posture as well as relaxing volunteers’ muscles
before data collection. Then, it was removed just before
the experiment. During the experiments, the subjects were
required to keep their head stable for 10 s without any external
support in three standard postures. In the whole process,
the volunteers were also asked to close their eyes and relax
their mind to avoid visual effects and feed forward control
as possible. X-ray images by the Difinium6000 DR Medical
X-ray Transmitter (General Electric Company, USA) were
used to record different joint angles of the cervical spine.
The Myomuscle (Noraxon, USA) was used to record contact
Electromyogram (EMG) signals of the two primary muscles:
sternocleidomastoid and splenius capitis. In one posture exper-
iment, every volunteer needs to take one X-ray shoot and
repeat four times EMG measurements. Between the two repeat
EMG measurement trials, there are at least 5 minutes of rest
for the subject to avoid muscle fatigue. A total of 60 tests
were conducted.

In addition, to facilitate EMG normalization as well as
to confirm correct sensor placement, all subjects performed
muscle maximum voluntary contraction (MVC) tests in both
flexion and extension directions by pushing their head against
the hand of an experimenter. The maximum voluntary con-
traction test was repeated twice for every subject. Ten minutes
of rest was required between the two trials and recorded the
EMG signals of each volunteer under the maximum voluntary
contraction for the following normalization process.

2) Model-Based Simulation Setup: According to the exper-
imental loading conditions, we first constrained the torso
of the musculoskeletal model in six degrees of freedom
(Fig. 2). Then, we set the head-neck system to be free and
exposed in the gravitational field with a gravity acceleration
of 9.8 m/s2 according to the postures. The simulations were
implemented using forward dynamics. During the whole simu-
lation process, variations of the joint kinematics of the cervical
spine and muscle activations of the head-neck system were
obtained and compared with the above-recorded experimental
data. In addition, to verify the effects of the neural controllers,
the simulation results with the present neuromuscular model
were also compared with the original musculoskeletal model
without any neural controllers.

3) Comparative Analysis in Impact Loading: To analyze the
effects of the neural reflex controllers on head-neck behaviors
under impact loading condition, we simulated a series of
volunteer frontal impact tests with the accelerations ranging
from 2 g to 15 g with different head-neck models including
the abovementioned head-neck musculoskeletal model without
any neural reflex controllers, the neuromuscular head-neck
model only with the proprioceptive controller, and the model
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Fig. 2. Posture control experiment setup and its simulation schematic.

with both the vestibular and proprioceptive controllers. Widely
referenced frontal impact test data published by National
Highway Traffic Safety Administration (NHTSA) were used
to evaluate the simulation results [39]. Following the experi-
mental conditions, the external force was applied to the first
thoracic vertebra (T1) of the models, and a gravitational field
with a gravity acceleration of 9.8 m/s2 was also applied. Dif-
ferent frontal impact severities with volunteer T1 accelerations
of 2 g, 3 g, 8 g, and 15 g were simulated. In addition, the
pre-activations were also implemented in the head-neck model
for considering initial gravity effect in impact analysis based
on the simulation results of the sitting posture control. The
simulation data in a duration of 350 ms were comparatively
analyzed concerning different models and experimental data.

III. RESULTS

A. Experimental Results and Model Validation

Normalized EMG signal corridors of posture control exper-
iments were shown in the Appendix Fig. 7, and cervical joint
angles in stable status were listed in the Appendix Table I.
The simulation and experimental results of the head-neck
posture control in sitting, prone, supine postures are illustrated
in Fig. 3. The simulation stabilization processes of different
postures are shown in Fig. 3 (a.c.e), while the final joint angles
in stable status are shown in the red area of Fig. 3 (b.d.f).
The RMS (root mean square) method was used to process
the measured raw EMG signals as follows: 1) First, filter-
ing raw EMG signals with a bandpass Butterworth filter at
30-500Hz; 2) Then, the filtered EMG signals were collected
by the root mean square using a 20-ms smoothing window;
3) Finally, these signals were normalized by the MVC EMG
values to well compare the muscle activations of the posture
control experiments with the simulation results. The whole
and segmental joint angles of the cervical spine were measured
from the X-ray images. The experimental results are presented
with grey areas, while the simulation results with the present

neuromuscular model and the original musculoskeletal model
are presented in solid lines or areas and dash lines or areas,
respectively (Fig. 4).

Obviously, faster stabilization processes are noted for the
present neuromuscular model in all postures, while the original
musculoskeletal model cannot reach a correct equilibrium state
even after a long-time balance as shown in Fig. 3 (a, c, e).
Concerning both joint angles and muscle activations, the simu-
lation results of the present neuromuscular model reaching the
equilibrium state are in good agreement with the experimental
data in all three different postures. In the sitting and supine
postures, both recorded EMG signals and simulated muscle
activations of splenius capitis were close to zero. So, we only
compared the activation level of the sternocleidomastoid.
As for the prone posture, we only compared the activation
level of the splenius capitis. In a further step as shown
in Fig. 4 (b, d, f), we note that the detailed segmental joint
angles of the cervical spine also correlates well with the X-ray
measured corridors. Different sensitive parameter values of
the vestibular controller were adopted in the neuromuscular
model. In normal siting, the values of Gs and Gc are both
0.65, while for prone and supine postures they both increased
to 0.98 and 1.1 for simulating the part of active movement
influence on these posture, respectively. All these verified and
validated the effectiveness and robustness of our neuromuscu-
lar model and its controlling strategy.

B. Effects of Neural Reflex Controllers

A typical comparison of the head-neck kinematics and
muscle activations with different simulation models is shown
in Fig.4. It is an example of 8g impact loading. Substantial
differences in head-neck behaviors and muscle activations can
be noted. Following this kinematic comparison, a detailed
comparative analysis of the Head C.G Y-rotation displace-
ment vs. Time curves is shown in Fig. 5, which is com-
posed of four impact severity conditions: 2g, 3g, 8g, and
15g impact accelerations. The NBDL experimental corridors
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Fig. 3. Model validation and verification in three different postures concerning joint angles and muscle activations: a) Normal Sitting posture,
b) Prone posture, c) Supine posture.

are in grey areas, while the averaged curves are in black
solid. The simulation curves of the original musculoskeletal
model, the neuromuscular model with the only proprioceptive

controller, and the neuromuscular model with both vestibular
and proprioceptive controllers are illustrated in blue, green and
red lines, respectively.
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Fig. 4. Typical comparison of head-neck kinematic responses of different
models during 8g loading impact.

Obviously, the simulation results of the neuromuscular
model with both vestibular and proprioceptive controllers
were in better agreement with the experimental corridors
in all loading conditions. Especially, those of the passive
head-neck model show large deviations with the experimental
corridors after the experimental time of the maximum Head
C.G Y-rotation. Because the pullback of the head cannot be
produced without neural reflex controller in the model. Addi-
tionally, we adopted the same vestibular sensitivity parameters
(Gs:0.65; Gc:0.65) in 2g and 3g simulation cases. These values
were increased to 1.2 for 8g impact loading and 2.4 for 15g
impact loading, respectively.

To further investigate neural reflex effects on head-neck
kinematics and eliminate the influences of the model pas-
sive structure, we compared the primary muscle (splenius
capits) activation of different models in the frontal impact
loadings as shown in Fig. 6. The solid lines represent the
muscle activation levels generated by the neuromuscular model
with both vestibular and proprioceptive controllers, and the
dashed lines represent the activation levels generated by
the neuromuscular model with only proprioceptive controller.
The line color represent different impact severity conditions
from 2g to 15g.

As shown in both Fig. 5 and Fig. 6, vestibular controller is
always noted to play a key role in supporting the head-neck
system from low acceleration level of 2g to high acceleration
level of 15g. Especially in 2g and 3g loading conditions,
it dominates the muscle activations even with smaller val-
ues of sensitivity parameters. The proprioceptive controller
presents only a minor effect on head-neck responses in 2g
and 3g loading conditions but shows a significant effect for
higher 8g and 15g loading accelerations, like the vestibular
controller.

IV. DISCUSSION

A neuromuscular head-neck model with vestibular and
proprioceptive feedback control loops was developed and
validated in the present study. We further investigated the
influences of these neural reflex controllers on the kinematic
responses of the head-neck system in different impact sce-
narios and verified their significant values in activating neck
muscles for supporting the head-neck system and prevent-
ing its injuries under excessive external loads. Although the
present neuromuscular model can be further improved by
including more realistic neural reflex controllers, it is readily
applicable for self-balance simulation of the head-neck system
and used in various research fields concerning head-neck
injury prevention.

Some previous studies investigated the influences of
the muscle foreces on head neck injuries, but they
generally adopted assumed or PID-based muscle activa-
tions [11], [13], [15]. To our knowledge, no study reported the
effects of realistic human neural reflex on head-neck impact
responses during impact environments. Here, we showed that
the muscle support caused by the neural reflex evidently
affects impact behaviors of the head-neck system. In this
case, we believe that accurate modeling of muscle activation
should be accounted for in-vivo head-neck injury analysis.
Thus, using cadaver experiments without muscle activation
or simulation studies with a passive head-neck model cannot
reasonably or robustly capturing in-vivo behaviors of the
head-neck system. Even with non-physiological PID or other
artificial controllers can not sufficiently reflect a realistic
muscle supporting effect. Inspired by these, we believe that
more attention should be paid to the modeling of the realistic
human neural control strategy.

Although the chosen sensitivity parameters achieved good
correlation with experimental data in low impact simula-
tion cases, larger values are needed to achieve better fitting
results with the experimental data for higher acceleration
loading conditions. The output neural reflex control signal
of the vestibular controller is based on the acceleration and
the angular velocity of the head [29]. From a physiologic
view, adjusting these sensitivity parameters can be rational.
An previous study has proposed that the increased variability
of firing rate and sensitivity are strongly correlated in the
vestibular system [40], which most likely originated from
intrinsic properties [41], [42]. This variability might be just
a consequence of the increased gain [31]. Because this can
prompt the vestibular system to make appropriate adjustments
when subjected to different external stimuli to maintain the
balance of the head and body [2], [43]. Schneider et al. [31]
also indicated that an increased sensitivity of the vestibular
system optimized human body’s coding of external stimuli
to maintain head balance. In the future, experimental studies
concerning the sensitivity of the vestibular controller can be
implemented.

In addition, a slight change of the vestibular sensitivity
parameters from 0.98 in prone simulation to 1.1 in supine
simulation can be noted. This could be attributed to the
feed forward effect of human active movement as men-
tioned by the previous study [30]. Due to the uncertainty
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Fig. 5. Effects of neural reflex on head-neck responses during impact loading concerning the Head C.G Y-rotational displacement in relation
to T1: a) 2g impact loading; b) 3g impact loading; c) 8g impact loading; d) 15g impact loading.

Fig. 6. Effects of neural reflex on muscle activation in different impact
loadings.

of the human active movement, there is still not robust
method to analyze the influences of feed forward on the
head-neck stability. Thus, the present model only included

vestibular and proprioceptive controllers, and was used for
impact loading analysis. Considering different applications,
the present model can be further improved by assign part of the
parameters to a certain feedforward influence, or integrating
other neural controllers, like visual feedback, central pattern
generation, etc.

V. CONCLUSION

A novel neuromuscular head-neck model including realistic
neural reflex control loops of the vestibular system and the
muscle-tendon proprioceptors was established and validated
in the present study. A series of in-vivo posture control
experiments was implemented, and the model validation with
the obtained results first proved its self-balance ability in
movement control concerning both joint kinematics and mus-
cle activation levels. Then, the models with different neural
reflex controllers or without them were used to simulate
frontal impact situations. For all impact cases, the present
neuromuscular model achieved a good fitting with the exper-
imental results while the model without neural reflex con-
trollers showed a large deviation. We also noted that the
vestibular controller dominated the muscle supporting effects
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Fig. 7. Normalized EMG signal corridors of posture control experiments.

in lower acceleration loading cases while both vestibular and
proprioceptive controllers obviously affected the head-neck
behaviors in higher acceleration loading cases. Inspired by all
of these, we believe that the accurate modeling of a realistic
head-neck neural reflex control strategy plays a key role in
predicting in-vivo head-neck behaviors and related injury risk
during impact loading.

TABLE I
JOINT ANGLES OF POSTURE CONTROL EXPERIMENTS

CONFLICT OF INTEREST

The authors declared that they have no competing interests
in this study.

APPENDIX

See Fig. 7 and Table I.
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