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Abstract. Head motion is a key determinant of motion comfort and
differs substantially from seat motion due to seat and body compliance
and dynamic postural stabilization. This paper compares different human
body model fidelities to transmit seat accelerations to the head for the
assessment of motion comfort through simulations. Six-degree of freedom
dynamics were analyzed using frequency response functions derived from
an advanced human model (AHM), a computationally efficient human
model (EHM) and experimental studies. Simulations of dynamic driving
show that human models strongly affected the predicted ride comfort
(increased up to a factor 3). Furthermore, they modestly affected sickness
using the available filters from the literature and ISO-2631 (increased up
to 30%), but more strongly affected sickness predicted by the subjective
vertical conflict (SVC) model (increased up to 70%).

Keywords: postural stability · body dynamics · motion sickness

1 Introduction

Automated vehicles (AVs) are considered one of the major automotive techno-
logical developments able to improve safety, environmental impact and acces-
sibility. Key drivers for consumers to adopt them is the engagement in non-
driving related tasks (NDRT). However, AVs envisaged designs are expected to
provoke motion sickness (MS) in occupants jeopardizing their engagement in
NDRT. There are multiple explanations for why MS occurs. According to the
sensory conflict theory, MS is caused by the mismatch between sensed and antici-
pated (based on prior experience) sensory (visual, vestibular and somatosensory)
inputs. On the other hand, the postural instability theory attributes MS to the
prolonged uncoordinated configuration of the body and its segments, rather than
sensory stimulation. Head motion is a key determinant of (dis)comfort as per-
ceived by sensory systems. A range of experiments has proven head translational
motion to differ from vehicle motion with gains around one at low frequencies,
oscillations at mid frequencies and with attenuation at higher frequencies. More-
over the head shows substantial rotations in response to seat translational exci-
tation [6,8,12]. The transmission of motion from seat to head depends on seat
compliance and on posture [8]. Initial efforts to incorporate the effects of posture
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remain to be validated in particular in dynamic driving. At the same time, MS
models that consider to some extent posture using seat-to-head transmissibility
functions do not differentiate head from body posture.

This paper presents the coupling of different human body models to under-
stand the body and head dynamics effect on the assessment of MS and ride com-
fort. More specifically, seat-to-head-transmissibilities from a set of experimental
data and different human body model fidelities are coupled with an existing MS
model as suggested by [12]. The models are used to answer the following research
questions: (a) How do head and body dynamics impact the development of MS?,
and (b) Could the use of a more detailed human body model enhance the MS
models’ prediction capabilities? The human body models will include the active
human body model from MADYMO [15], and a new 3D model [1], also devel-
oped in MADYMO, which is faster than real-time offering efficient and robust
exploration, while enabling for real-time control. Both models have been vali-
dated and are applied in combination with multibody models of compliant car
seats.

2 Methods and Materials

2.1 Multidimensional Human Body Models

The vehicle acceleration measurements (ẍ, ÿ, z̈, r̈, φ̈ and θ̈) extracted from
IPG/CARMAKER simulations are transmitted to the occupants’ head (ẍh, ÿh,
z̈h, r̈h, φ̈h and θ̈h) through frequency response functions (FRFs, gain and phases)
extracted from different multi-dimensional models or experimental data sets.
The FRFs are extracted with frequency step at 0.4 Hz, but they are interpolated
at 0.005 Hz. Vehicle motion data is Fourier transformed, the transfer functions
are applied, data is transformed to the time domain with inverse Fourier, and
comfort and sickness measures are derived. This is computationally much more
efficient, as compared to using the full non-linear AHM and EHM models. For
this, the FRFs are extracted from different cases (i.e., simulation and experi-
mental data) and they are grouped as six sets of transfer functions (Fig. 1, Set
1–6). In particular, the cases considered in this work consider transfer functions
from the following simulation models or data:

– AHM: The MADYMO detailed active human model (AHM) [15] represents
the 50th percentile male population and has been validated for impact con-
ditions, vibration and dynamic driving [7]. The AHM consists of 190 bodies
(182 rigid bodies and 8 flexible bodies) and finite element surfaces capture
the skin for contact interaction.

– EHM: An efficient human model (EHM) for comfort analysis [1]. The EHM
is also built in MADYMO and considers a functional set of body segments,
and joint degrees of freedom, with only those that have a significant impact
on the kinematics and dynamics of the body. The model has proven to provide
results close to experimental data and the AHM.
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– EXP: A combination of published experimental data [8,10,11] that studied
the occupants’ seat-to-head transmissibility (STHT).

The six sets of transfer functions (Fig. 1) employed are applied as follows.
Regarding the head vertical accelerations, Set 1 includes two transfer functions
(TzJ

and Tzθ,J
), that transmit the seat vertical acceleration to the occupants’

head and evaluate the pitch head accelerations (θ̈hz
) that are induced by the

seat vertical accelerations. This process is conducted through Eq. 1:

z̈hz
= TzJ

z̈

θ̈hz
= Tzθ,J

z̈
(1)

where z̈hz
is the head vertical acceleration without considering the impact of any

other excitations on it; θ̈hz
are the pitch head accelerations that are induced by

the seat vertical acceleration; J corresponds to source of the data, i.e., recorded
head motion from experiments (J=EXP) [8], the active human model from
MADYMO (J=AHM) [7], the efficient human model (J=EHM), and no human
model (J=NHM) which corresponds to TzNHM

=1 assuming that the head motion
equals the seat motion.

Regarding the transmissibility of pitch (θ̈) and roll (φ̈) accelerations, multi-
dimensional transfer functions (Set 2 and 3) are designed based on the literature
[11]. In particular, the pitch transmissibility model (θ̈, Set 2) includes three trans-
fer functions. The first, Tθ is used to transmit the seat pitch accelerations to the
head, while the other two (Tθx

and Tθz
) consider the effect of seat pitch accel-

erations to the head vertical (z̈hθ
) and longitudinal accelerations (ẍhθ

). These
transfer functions are used according to Eq. 2.

ẍhθ
= Tθx

θ̈

z̈hθ
= Tθz

θ̈

θ̈hθ
= Tθ θ̈

(2)

Similarly with pitch, the set of transfer function for roll (φ̈, Set 3) also includes
three transfer functions [11]. The first, Tφ is used to transmit the seat roll accel-
erations to the head (φ̈hφ

), while the other two (Tφy
and TφR

), consider the effect
of seat roll accelerations to the head lateral (ÿhφ

) and yaw (r̈hφ
) accelerations.

These are used according to Eq. 3:

ÿhφ
= Tφy

φ̈

r̈hφ
= Tφr

φ̈

φ̈hφ
= Tφ φ̈

(3)

Two more sets of transfer functions (Sets 4 and 5) are developed to transmit
the longitudinal and lateral accelerations to the head including their interactions
with other rotational or translational accelerations. Regarding the longitudinal
accelerations (ẍ, Set 4), TxJ

transmits the seat longitudinal accelerations to the
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occupants’ head (ẍhx
), while Txθ,J

evaluates the pitch head accelerations (θ̈hx
)

that are induced by the seat longitudinal accelerations:

ẍhx
= Tx,J ẍ

θ̈hx
= Txθ,J

ẍ
(4)

For the lateral accelerations (ÿ, Set 5), TyJ
transmits the seat lateral accelera-

tions to the occupants’ head, while Tyφ,J
and Tyr,J

evaluate the roll (φ̈hy
) and

yaw (r̈hy
) head accelerations that are induced by the seat lateral accelerations:

ÿhy
= Ty,J ÿ

r̈hy
= Tyr,J

ÿ

φ̈hy
= Tyφ,J

ÿ

(5)

Finally, the yaw accelerations (r̈, Set 6) are transmitted from the seat to the
head (Tyaw) according to an experimental transfer function [10]:

r̈hr
= Tr r̈ (6)

The total accelerations including the above calculated interactions are calcu-
lated as follows:

z̈h = z̈hz
+ z̈hθ

ẍh = ẍhx
+ ẍhθ

ÿh = ÿhy
+ ÿhφ

φ̈h = φ̈hφ
+ φ̈hy

θ̈h = θ̈hθ
+ θ̈hz

+ θ̈hx

r̈h = r̈hr
+ r̈hy

+ r̈hφ

(7)

As mentioned before, to answer the research questions of this work, four
multi-dimensional human body models are developed using different combina-
tions of transfer functions. These combinations are illustrated in Table 1. For the
first three multi-dimensional human body models (EXP, AHM and EHM), Set
1, 4 and 5 are extracted from published experimental data (EXP) the literature
[8] and different human body model fidelity (AHM, EHM and NHM) [1,7]. Set
2,3 and 6 are the same for configurations AHM, EHM, EXP and extracted from
published experimental data [10,11]. For NHM, all transfer functions are equal
to 1, i.e., seat accelerations are transferred to the occupant’s head as is.

2.2 Motion Comfort Assessment

ISO-2631:1998 [9] provides objective guidelines for measurement and evaluation
of human exposure to whole-body mechanical vibration and repeated shock.
According to the guidelines, two comfort metrics are derived: (1) Ride Com-
fort (RC) emphasizing the higher frequencies (mainly above 1 Hz); (2) Motion
Sickness (MS) emphasizing the lower frequencies (mainly below 1 Hz). Both
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Fig. 1. Multidimensional human body model, combining transfer functions based on
experimental data or human body models of different fidelities.

Table 1. Combinations of transfer functions to extract different configurations for
different multidimensional human body models.

EXP AHM EHM NHM

Set 1 Tz,EXP , Tzθ,EXP [8] Tz,AHM , Tzθ,AHM [7] Tz,EHM , Tzθ,EHM [1] 1

Set 2 Tθx , Tθz , Tθ [11]

Set 3 Tφy , Tφr , Tφ [11]

Set 4 Tx,EXP , Txθ,EXP [8] Tx,AHM , Txθ,AHM [7] Tx,EHM , Txθ,EHM [1]

Set 5 Ty,EXP , Tyr,EXP , Tyφ,EXP [8] Ty,AHM , Tyr,AHM , Tyφ,AHM [7] Ty,EHM , Tyr,EHM , Tyφ,EHM [1]

Set 6 Tr [10]

metrics apply frequency weighting to six degrees of freedom motion including
three dimensional translation and rotation the head. Additionally, for a more in
depth analysis of MS, we employ the subjective vertical sensory conflict model
(SVC) to assess the motion sickness incidence in various paths [5].

According to the standard, comfort is assessed by combining the root mean
square (RMS) values of weighted accelerations (RCWi

), translational and rota-
tional, measured at the vehicle’s centre of gravity. More specifically, the RMS
value of each acceleration is calculated as follows:

RCWi
=

(
1
t

∫ t

0

a2
iW

dτ

) 1
2

(8)

where i is the acceleration type, either translational (ẍ, ÿ and z̈) or rotational
(i= rx for φ̈, ry for θ̈ and rz for r̈) as defined in the standard [9], while aWi

stands for the weighted accelerations in the time domain. After multiplying each
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of the RCiWrms
by appropriate factors (ki), they are all summed and the overall

comfort metric is calculated:

RC =
( 6∑

i=1

k2
i RC2

Wi

)1/2

(9)

where ki is the multiplying factor for each term (i=x, y, z, rx, ry and rz)
which can be found in ISO-2631 [9]. Equation 9 is used with two different sets of
weighting filters for the translational and rotational accelerations to objectively
assess RC and MS. For RC, WPk and WPe are applied for the vertical and all
the rotational accelerations, respectively. No filter is used in x and y direction
according to the standard [9]. For MS, WPfx

[3], WPfy
[2] and WPf [9] are used

for the x, y and z direction, while WAfr
is used for all the rotational vibrations

[4]. More details can be found in literature [14].

3 Results

The impact of body and head dynamics on motion comfort assessment is inves-
tigated for two different road paths: (a) Path 1: an artificial road path designed
using IPG/CARMAKER (∼21.1 km, Fig. 2a) [12], (b) Path 2: a real countryside
road path from Chrysovitsi to Stemnitsa in Arcadia, Greece (∼17.0 km, Fig. 2b)
[13]. The path characteristics and driving dynamics are illustrated in Table 2,
and were extracted through simulations in IPG/CARMAKER with the IPG
Driver. The analysis includes the assessment of RC (Table 3) per translational
and rotational acceleration (RCi, where i=x, y, z, rx, ry, and rz) and in total
(RCtotal). Similar, calculations are presented for MS in Table 3. Furthermore,
for a deeper analysis of MS, the motion sickness incidence (MSI) is calculated
through a validated MS model [5] (3).

Table 2. Path characteristics and vehicle driving dynamics (mean ± deviation).

Path distance (km) Road profile V (m/s) ax (m/s2) ay (m/s2) az (m/s2)

Path 1 21.1 Class B 10.72 ± 0.96 0.01 ± 0.32 0.01 ± 0.98 0.01 ± 1.55

Path 2 17.0 Class C 11.04 ± 2.91 0.04 ± 0.70 0.01 ± 1.24 0.01 ± 2.05

According to Table 3, the two human body models (EHM and AHM) and the
experimental dynamics (EXP) provide similar comfort predictions in both paths
but differ strongly from results ignoring the dynamics of seat to head transmis-
sion (NHM). More specifically, EHM and AHM show minor differences (∼5%).
On the other hand, NHM provides an underestimation of the RCtotal in Path 1
ranging from 46% to 62% compared to EHM and EXP, which provide the low-
est and the highest RC estimation respectively. Greater underestimation takes
place in Path 2 (62% to 68%). The source of these great differences compared
to NHM can be identified in the translational or rotational acceleration (RCj)
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Fig. 2. (a) Path 1 and (b) Path 2 trajectories (X-Y) [5].

comfort calculation for both paths. In particular, the impact of the longitudi-
nal acceleration on RC (RCx) is increased by 5–6 times compared to the NHM,
while the one of the lateral (RCy) and vertical (RCz) by 1.5–2 times. However,
RCy impact is insignificant to RCtotal, even after such increases. Similarly, the
impact of rotational accelerations has also increased compared to NHM. More
specifically, the roll (ry) and yaw (rz) RC metrics are increased by 4–5 times, but
their impact compared to the RCtotal is negligible. On the other hand, the RCrx

(ride comfort provoked by the pitch accelerations) is increased by more than 10
times, greatly increasing their impact on the overall ride comfort assessment.

As far as the MS assessment is concerned, the MStotal does not illustrate
any significant difference between the human body models considered (EXP,
AHM and EHM) to transfer the seat accelerations to the head. However, there
is significant underestimation (∼32%) in MStotal when no human model is used
(NHM) compared to the human body models (EXP, AHM and EHM). Further-
more, albeit MStotal being unaffected by the different human models, differences
(∼8–15 times larger for Path 1 and 2) can be identified to the MSry, which is
the motion sickness provoked by the head pitch accelerations explicitly. However,
these differences hardly affect the MStotal, since the weighting (kry) suggested
by the ISO standards diminishes their impact. Similarly with the RC assess-
ment, AHM and EHM provide similar assessments for MStotal and for each MSi.
This remark further validates the fact that the EHM provides accurate motion
comfort assessment results compared to the more detailed and time consuming
AHM, being a promising solution for real time control applications.

On contrary with the traditional ISO-2631 based MS assessment (Table 4)
where MStotal illustrate negligible differences between the different multi-
dimensional human body models, the MSI as evaluated by the sensory conflict
model [5] illustrates significant changes (Fig. 3). According to Fig. 3, the NHM
underestimated MSI by 70% and 40% compared to EXP in Path 1 and 2, respec-
tively. Meanwhile, the AHM and EHM provided similar responses with minor
differences, which is in alignment with the previous remark regarding EHM’s
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capabilities. However, AHM and EHM still present 15% and 19% less MSI than
EXP. The source of these differences in MSI could be related with the difference
identified in MSry (Table 4), since no other MSi illustrates any significant differ-
ence among the different human body model fidelities. This is in alignment with
previous literature where head rotations are a key determinant of (dis)comfort
and motion sickness as perceived by the sensory system.

Table 3. Ride comfort assessment in Path 1 and 2 using different human body model
fidelities. RC is calculated per translational and rotational acceleration (RCi, where
i= x, y, z, rx, ry, and rz) and in total (RCtotal).

Path 1 Path 2

EXP AHM EHM NHM EXP AHM EHM NHM

RCx 0.536 0.540 0.540 0.102 1.520 1.532 1.531 0.240

RCy 0.070 0.067 0.071 0.054 0.305 0.293 0.308 0.232

RCz 2.717 2.062 1.999 1.407 3.650 2.866 2.744 1.719

RCrx 0.169 0.136 0.138 0.041 0.803 0.555 0.588 0.151

RCry 6.099 4.481 4.030 0.406 10.623 9.260 8.779 0.985

RCrz 0.090 0.073 0.085 0.021 0.432 0.348 0.347 0.051

RCtotal 3.693 2.788 2.626 1.421 5.835 4.949 4.738 1.798

Table 4. Motion sickness assessment in Path 1 and 2 using different human body model
fidelities, derived using ISO (for MSI see Fig. 3). MS is calculated per translational and
rotational acceleration (MSj , where i= x, y, z, rx, ry, and rz) and in total (MStotal).

Path 1 Path 2

EXP AHM EHM NHM EXP AHM EHM NHM

MSx 0.162 0.162 0.162 0.114 0.387 0.388 0.389 0.271

MSy 1.011 1.011 1.011 0.695 1.540 1.540 1.540 1.072

MSz 0.032 0.032 0.032 0.032 0.061 0.061 0.061 0.059

MSrx 0.007 0.006 0.006 0.004 0.021 0.015 0.016 0.007

MSry 0.301 0.184 0.171 0.020 0.391 0.266 0.244 0.026

MSrz 0.624 0.624 0.624 0.027 0.816 0.816 0.816 0.046

MStotal 1.039 1.035 1.034 0.705 1.605 1.601 1.601 1.107
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Fig. 3. Motion sickness incidence for (a) Path 1 and (b) Path 2 as calculated by the
subjective vertical sensory conflict model [5].

4 Conclusions

To sum up, this paper investigated the impact of head and body dynamics in
the assessment of motion comfort (i.e., motion sickness and ride comfort) using
objective metrics that exist in the literature and various human body model
fidelities to transfer seat-to-head accelerations. Advanced and detailed human
body models, which can be time consuming, are not required to assess motion
comfort, and the efficient human models are promising and capable to provide
accurate results with similar prediction capabilities in real time applications.

The main contributions can be summarized as follows. Transfer functions
(6DOF) capturing the seat to head transmission (STHT) were used to derive
head motion as function of vehicle motion. Three classes of transfer functions
based on full body models (AHM and EHM) and experimental data (EXP) were
compared. The AHM is computationally complex and takes around 100 times
real time, whereas the EHM is faster than real time when using a relatively simple
seat model. In this paper, we derived 6D transfer functions from the AHM and
EHM providing a further speedup to more than 6000–8000 times faster than real
time. For instance, we simulate ∼1965 s in 0.32 s or 19807s in 0.25 s depending
the path. This creates highly efficient solutions usable in model predictive control
for automated vehicle motion control and motion cuing in driving simulators.
Including STHT strongly affected ride comfort (increased up to a factor 3) and
modestly affected sickness using the traditional ISO-2631 filters (increased up
to 30%) but more strongly affected sickness predicted by the subjective vertical
conflict (SVC) model (increased up to 70%). More specifically, the three different
human body model fidelities led to more than 50% differences in overall ride
comfort assessment regardless of the path. The impact of head rotations (pitch,
roll and yaw) on ride comfort is diminished when no human model is used, i.e.,
assuming that the head accelerations are equal to the seat accelerations. The
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head pitch rotations are a key determinant of motion sickness as perceived by
the sensory system, but standardized metrics are unable to capture this impact.

Further work is in progress comparing results with subjective assessment,
investigating how different human body models can affect comfort and if models
should be tuned differently taking into account posture and seat.

Acknowledgement. We acknowledge the support of Toyota Motor Corporation in
funding the contribution of Raj Desai.
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