<]
TUDelft

Delft University of Technology

Evaluation of Motion Comfort using Advanced Active Human Body Models and Efficient
Simplified Models

Desai, R.R.; Cvetkovi¢, M.; Papaioannou, G.; Happee, R.

DOI
10.1109/ITSC57777.2023.10422474

Publication date
2023

Document Version
Final published version

Published in
2023 IEEE 26th International Conference on Intelligent Transportation Systems (ITSC)

Citation (APA)

Desai, R. R., Cvetkovi¢, M., Papaioannou, G., & Happee, R. (2023). Evaluation of Motion Comfort using
Advanced Active Human Body Models and Efficient Simplified Models. In 2023 IEEE 26th International
Conference on Intelligent Transportation Systems (ITSC) (pp. 5351-5356). (IEEE Conference on Intelligent
Transportation Systems, Proceedings, ITSC). IEEE. https://doi.org/10.1109/ITSC57777.2023.10422474

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/ITSC57777.2023.10422474
https://doi.org/10.1109/ITSC57777.2023.10422474

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



2023 IEEE 26th International Conference on
Intelligent Transportation Systems (ITSC)
24-28 September 2023. Bilbao, Bizkaia, Spain

2023 IEEE 26th International Conference on Intelligent Transportation Systems (ITSC) | 979-8-3503-9946-2/23/$31.00 ©2023 IEEE | DOI: 10.1109/ITSC57777.2023.10422474

Evaluation of motion comfort using advanced active human body
models and efficient simplified models

Raj Desai, Marko Cvetkovi¢, Georgios Papaioannou, Riender Happee

Abstract— Active muscles are crucial for maintaining postural
stability when seated in a moving vehicle. Advanced active 3D
non-linear full body models have been developed for impact and
comfort simulation, including large numbers of individual
muscle elements, and detailed non-linear models of the joint
structures. While such models have an apparent potential to
provide insight into postural stabilization, they are
computationally demanding, making them less practical in
particular for driving comfort where long time periods are to be
studied. In vibrational comfort and in general biomechanical
research, linearized models are effectively used. This paper
evaluates the effectiveness of simplified 3D full-body human
models to capture comfort provoked by whole-body vibrations.
An efficient seated human body model is developed and validated
using experimental data. We evaluate the required complexity in
terms of joints and degrees of freedom for the spine, and explore
how well linear spring-damper models can approximate reflexive
postural stabilization. Results indicate that linear stiffness and
damping models can well capture the human response. However,
the results are improved by adding proportional integral
derivative (PID) and head-in-space (HIS) controllers to maintain
the defined initial body posture. The integrator is shown to be
essential to prevent drift from the defined posture. The joint
angular relative displacement is used as the input reference to
each PID controller. With this model, a faster than real-time
solution is obtained when used with a simple seat model. The
paper also discusses the advantages and disadvantages of various
models and provides insight into which models are more
appropriate for motion comfort analysis. For designers and
researchers in the automotive and seating industries, the findings
given in this paper provide useful insights that will help them
improve the comfort and safety of both vehicle occupants and
seats.

1. INTRODUCTION

Motion comfort [1], [2] is an important factor in designing
vehicles, aircraft, and other transportation systems. It refers to
the level of comfort that passengers experience during motion,
including factors such as ride smoothness, motion sickness,
whole-body vibration, and noise [3]. Evaluating motion
comfort can be challenging, as it depends on a variety of
factors, including vehicle design, road conditions, and human
factors. One approach to evaluating motion comfort is to use
advanced active human body models. These models simulate
the behaviour of the human body during motion and can
provide detailed information on postural stability, head
acceleration a key factor in perceived comfort and motion
sickness, muscular effort, forces and stresses that passengers
experience. However, these models can be complex and
computationally intensive, requiring significant computational
resources to run.
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By enabling users to perform other tasks while driving,
automated driving (AD) has the potential to offer safe and
environmentally friendly transportation. In contrast to
conventional automobiles, this complicates the occupants' total
postural stability even more [4]. Inconvenience and even low
back pain or lumbar spine injury might result from the vehicle's
whole-body vibration (WBV). As a result, human-centered
design of automated driving systems [5], [6] requires
knowledge of and models for human motion and perception.
Therefore, it's crucial to comprehend how WBYV affects the
human body and how vibrations are transferred through it.

One approach to evaluate motion comfort is to use
simplified, efficient models [7]-[9], which are much faster to
run than complex human body models and can be useful for
early-stage design evaluations or for evaluating a large number
of design options. However, simplified models may not capture
all details of the human body's response to motion. On the other
hand, advanced active human body models like THUMS [10]
and MADYMO [11] can provide highly detailed information
on the forces and stresses that passengers experience but
require specialized expertise and a large amount of
computational time.

Experiments have limits in fully capturing the range of
motion, even though they can provide useful information
regarding human mobility [12]. Therefore, developing a
computationally efficient and accurate 3D human body model
would be a significant advancement in the field of human
motion comfort analysis with important applications in various
domains such as automotive design, aircraft cabin layout,
public transportation systems, virtual reality experiences, and
ergonomic product design. The model must also maintain the
desired posture, which is another crucial criterion. This
requires the use of active muscular feedback forces or torques.
A PID (Proportional-Integral-Derivative) controller is widely
used as a feedback control method in engineering and industrial
applications [13]. The controller adjusts the control signal
based on the difference between the desired setpoint and the
measured process variable, which is also known as the error
signal. The PID controller calculates the control signal by
taking into account three parameters: proportional gain,
integral gain, and derivative gain. The computationally
efficient human model (EHM) presented in this paper employs
a closed-loop PID feedback and HIS joint torque controllers for
maintaining occupant’s desired posture.

The EHM is built on the rigid body modelling capabilities
of MADYMO. The inertial properties of the bodies are
included in the rigid bodies of the model, and their geometry is
described by ellipses and planes. Kinematic joints are utilized
to organize the structural deformation of flexible components
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under dynamic restraint models. The ellipsoids' force-based
contact characteristics show how soft tissues, like skin and
flesh, deform. These characteristics characterize the contact
interactions between the human body and the seat. Among the
MADYMO models, the MADYMO detailed active human
model (AHM) represents the 50th percentile male population
and has been validated for impact conditions [14], [15] and for
vibration and dynamic driving [16]. The model geometry
consists of standing height (1.76m), sitting height (0.92m) and
weight (75.3kg) derived from the ergonomic model in Ramsis
[5]. The controllers for the spine, neck, shoulders, elbows, hips,
and knees make up the active human model. The skin is
captured by finite element surfaces for contact interaction and
there are 190 bodies in the AHM (182 rigid and 8 flexible). As
a result, the AHM requires extensive computing time. We
provide a computationally effective human model (EHM) for
comfort analysis to lessen this for vehicle comfort simulation.
The efficient MADYMO human body model will allow
researchers to effectively explore human body responses to
WBYV without consuming large amount of computational time.

The EHM model is designed to be computationally
efficient and simple, while accurately representing 3D body
joint biomechanics and providing a good fit with experimental
motion [12]. In building the model, a functional set of body
segments is used, selecting only those that have a significant
impact on the kinematics and dynamics of the body. Here we
consider bodies head, trunk and pelvis, and examine 3D motion
in translation (x-y-z) and rotation (roll-pitch-yaw). PID joint
controllers are used to stabilize the posture. As a dependent
function of posture, seat interactions must be represented in the
model. The model, therefore, has accurate interactions with the
floor, the seat base, and the back. To benchmark the EHM, the
AHM is used for comparison of model performance. To our
knowledge, there hasn't been a published 3D posture control
multi-body human body model that has been thoroughly (6
DoF with head, pelvis, and trunk, vertical/fore-aft/lateral)
validated. The purpose of this study is to develop a human body
model that is efficient, flexible to capture subjective responses
with changes in anthropometric data, maintain/achieve a
desired posture, and can be applied to analyse human
behaviour in an automated vehicle environment.

II. BIOMECHANICAL MODELLING

In order to build an efficient seated human body model,
reported biomechanical models in literature [7], [17] and
MADYMO AHM were investigated. We evaluated the
MADYMO AHM since we had the flexibility to adjust the
model parameters to our experimental results. Fig. 1 [18]
presents the AHM and the EHM in the configuration used for
validation in this paper. This configuration is tested in [12] and
in this paper we use the condition with erect posture with high
support (lower support pad at posterior superior iliac spine,
another pad aligned with the tip of the inferior scapula's
angulus).

Body segments and joints: The pelvis, lower torso, middle
torso, upper torso, neck, head, left thigh, right thigh, left lower
leg, right lower leg, left foot, and right foot are the 12 segments
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that make up the EHM. The model is designed to predict in
particular the trunk and head motion. In order to realistically
predict how a seated human body responds to vehicle
vibration, legs and feet are also added, as our previous
research has shown relevant contributions of the legs in trunk
stabilization in a dynamic slalom drive [16]. Therefore, the
model must depict legs and how they interact with the ground.

Neck Lower Joint
(Universal)

Neck Upper Joint
(Spherical)

Neck
Upper Torso

Upper-Middle torso (T12)

(Spherical + Translational) Middle torso

Lower torso Thighs
Middle-lower torso

(Spherical)
Knee Joint
(Revolute)
Lower torso-pelvis

(Spherical)

Leg

Ankle Joint

Hip Joint (Revolute)

(Spherical)

Pelvis Foot

Fig. 1 EHM (upper) and AHM (geometry)

The various body parts are connected via kinematic joints. A
spherical joint connects pelvis with lower torso while an
additional spherical joint is placed between L4-L5 to capture
lumbar bending [19] as this forms the rotational point between
lower and middle torso. A spherical-translational joint
connects the middle and upper torso and allows for free
rotation  and  vertical = movement. The spinal
compression/extension during vertical loading is captured by
this vertical joint degree of freedom. The spherical joints are
utilized to simulate 3D rotation, which includes the torso's
flexion-extension, abduction, adduction, and yaw rotation. A
spherical joint is placed at upper neck located at (C1-CO0) to
capture the head yaw-pitch-roll and at the lower neck (T1-C7)
a universal joint captures roll and pitch motion [20]. The right
and left hip joints are also modeled as spherical joints to
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connect the thighs and pelvis, while the right and left knee
joints are modelled as revolute joints, allowing for relative
rotational movement around one axis between the thighs and
lower legs. Ankle connections are modelled as revolute joints,
and they connect lower legs and feet. By superimposing the
two models, it can be shown that the EHM's head, trunk (T8),
and pelvis all have centres of gravity (C.G.) that are situated
close to those of the AHM. Fig. 1 depicts information
concerning joints in detail. Taking into account the numerous
rotational and translational movements permitted by the
kinematic joints and their restrictions, the EHM model has 31
degrees of freedom (DoF).

Seat interaction: The model is validated using an experiment
on an experimental compliant seat carried out by our research
team [12]. Participants were instructed to sit in a mock-up car
while motions were generated by random vibrations in the
fore-aft, vertical, and lateral directions. The seat pan, backrest,
and floor of the MADYMO model environment correspond to
the three segments of the car mock-up. A plane serves as the
floor, and ellipses represent seat pan and backrest. In order to
facilitate comparisons, a male body size in the 50th percentile
that is near to the mass of the average human model is used
with size and inertia parameters from anthropometry measures
found in the literature [21]. To capture the human-seat
interaction, MB-MB/FE-FE/MB-FE contacts have been
established based on contacting surfaces [22]. This defines the
human body's contact with the seat cushion, seatback, and
floor. Contact interactions are defined between a master
surface and a slave surface. Select groups of multibody (MB)
surfaces are used as master (planes and ellipsoids) and slave
(ellipsoids) in each contact, such as feet contact with floor,
pelvis with seat pan and torso with backrest. All contacting
surfaces may penetrate one another in this model. The
penetration determines the equivalent elastic contact force.
For all contacts, linear stiffness and damping coefficients are
defined capturing the compression of human tissues and the
seat. Thus the contact model captures compliance in
compression taking into account the 3D geometry of body and
seat. Transmission of shear forces was initially modelled using
stick-slip friction [16]. However this proved to be imprecise
in reproducing vibration transmission. Hence we removed the
friction from the seat contact, and replaced this by point
restraints acting orthogonal to the contact surfaces. These
point restraints capture seat, muscle, fat and skin shear
deformation. These are currently defined as linear force-
deflection characteristics with stiffness in N/m and damping
in Ns/m and a limited force, to allow contact slip.

Joint stabilization: Joint compliance models are used to
predict the deformation of bony segments across a variety of
body joints [23]. In advanced biomechanical models, the
intervertebral joints, are generally modelled as 6 DoF joints
allowing compression, shear, and rotation. The formulation of
full 6 DoF of each body joint would require the tuning of many
of parameters, and would increase the computational demand.
By reducing the joint DoF, the model complexity can be
reduced. In EHM, joints are efficiently modelled to capture
human movements and are kept to be minimum possible.
Therefore, most bodies are interconnected by spherical or
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revolute joints rather than linear (translational) springs and
dampers. To re-create the joints' muscles, restraint cardan
feature is incorporated. Three torsional parallel springs and
dampers that link two bodies make up the Cardan restraint.
The torques are influenced by the Cardan angles, which
express how the relevant restraint coordinate systems are
oriented in relation to one another. Such rotational spring-
damper models performed quite well in fitting the data but did
not capture the static posture maintenance well. Hence PID
feedback joint torque controllers were implemented to
maintain the desired body posture. Additionally, Fig. 2
presents the head-in-space control technique, which is used to
maintain equilibrium and coordinate head motions during
dynamic tasks.

Gain factor
upper Neck
pitch

L{ Upper neck joint torque (y) |

|_

| Head pitch velocity

Gain factor
lower Neck
pitch

I

|_

| Head roll velocity

Gain factor
lower Neck roll

I—vl Lower neck joint torque (x) |

Fig. 2 Head in space (HIS) controller

III. NUMERICAL SIMULATIONS

The same input signals that the subjects encountered during
the experiments were used to replicate the simulations. The
seat encountered disturbances at a rate of 0.1941m/s? root
mean square (RMS) in the x, y, and z directions. According to
Fig. 5, between 0-5s, no excitations are provided to the seat,
which allows the body to get settled over the seat and reach a
static equilibrium position. The vibrational excitations to the
seat are given thereafter. This extra 5 sec of simulation time
can be avoided using settling method and RESTART
technique [24]. For example, a joint position, muscle and
actuator controller activation level / restart file can be created
at the end of no input equilibrium state and loaded at the
beginning of the analysis during the optimization process.
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Fig. 3. Seat input excitations.
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Both the AHM and the EHM postural stabilization parameters
were tuned to this dataset [12]. For EHM, the human body
parameters such as mass and inertia value are predefined. It is
necessary to determine the unknown parameters, such as hip
extension, control gain parameters, stiffness, and damping.
One DoF for each revolute joint and translational joint, along
with three DoF for the spherical joint. The stiffness and
damping represent passive tissue resistance and postural
stabilization using muscle feedback and co-contraction. To
acquire the model parameters, the iterative parameter
optimization technique is used.

A. Objective criteria

The EHM must respond to the experimental data precisely. To
effectively reflect the experimental response, the model must
adequately depict the head, pelvis, trunk, and knee in the
vertical, fore-aft, and lateral directions. This paper focusses on
vibration comfort, and analyzes the transmission of vibrations
from seat to pelvis, trunk, head and knees in the frequency
domain. For model fitting, we use gains as function of
frequency for each body segment and relevant motion
direction:

O(s,)

O(s;)
In this scenario, s, refers to a human response to a certain body
segment in time, such as the vertical displacement of the pelvis
or the pitch of the head. s; stands for the input vibration applied
at the seat in time domain. The term ® refers for the Fourier
transform, which denotes that the gain is a frequency-domain
function. In order for the EHM to be accurate for human
reaction, the pertinent gains should have the lowest errors in
relation to experimental data for various seat motions. As a
result, the criteria, or cost function, for parameter
identification are these errors of specific gains. A 0-12 Hz
Butterworth band pass filter is implemented for both
experimental and model responses. MATLAB's "Tfestimate"
function is used to calculate the transfer function estimate. The
AHM includes posture controllers to stabilize the body. Some
of the free optimization parameters for AHM are activation
coefficient (neck, spine, hip, knee and shoulder), extension
coefficients (knee, hip) and neck co-contraction. For model
validation, the head, pelvis, and trunk in vertical (z, pitch),
fore-aft (x, pitch), and lateral (y, roll and yaw) directions
must represent the experimental response accurately. Fig. 4
shows a flow chart for the co-simulation and optimization of
MATLAB, SIMULINK, and MADYMO. A similar procedure
was used for the MADYMO active human model (AHM). The
PID integral controller gain settings are selected so that it takes
about 3 seconds for joints to reach the desired set point. While
the AHM employed a solid FE model for the seat back foam,
the EHM used ellipsoid-ellipsoid contacts for the seat back.
The time step size is 1E-3 s for EHM whereas due to the
presence of finite element (FE), a smaller time step of 5E-5
sec was adopted in the case of AHM. As a result, EHM
outperforms AHM by 360 times.

(M

Gain =
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MATLAB MADYMO-Simulink
Model inputs
Eg. Gravity,
Mass, Inertia, S-function Head
Time Step Madymo3d Trunk
Model Revise server Pelvis
Madymo Knee
Sl XML script Kinematics
Eg. Stiffness, Scrip!
damping
Exp. N -
Seat Input Relative Joint
motion PID (Torque) displacement
XoZ-oY
H Calculate H Check for
New parameters e :
criterion constrains

Fig. 4 Co-simulation-optimization flowchart.

IV. RESULTS

This study analyzes the AHM, the EHM with optimal
parameters, and the EHM without integrator and high joint
stiffness. Fig. 5 demonstrates that the initially determined
posture cannot be maintained in the absence of an integral
controller since torso loses touch with the backrest.. In the
absence of the integral controller, a head pitch rotation of 6.4
degrees was observed, and also the trunk moved forward. This
is due to the low stiffness in neck, trunk and hip joints which
was found to best fit the experimental data with the EHM. In
the selected erect posture the head and trunk center of gravity
are located in front of the joints which stabilize trunk and neck,
resulting in forward drift. This was resolved with the
integrator controller resulting in a good fit in the frequency
domain (see lines EHM in Fig. 6 - Fig. 8). The drift was also
resolved with high joint stiffness values, but this resulted in a
poor fit in the frequency domain (see lines EHM high stiffness
in Fig. 6 - Fig. 8). During the simulations, the existence of a
feedback controller will aid in accomplishing any desirable or
desired changes in posture. Currently, joint torques are
controlled separately to achieve an erect S shape posture, but
in the future, this could be integrated via full-body
neuromuscular control including vision and vestibular
reflexes. The experiments and model results are presented in
Fig. 6 - Fig. 8. The accuracy in capturing head and trunk
motion was prioritized over pelvic movements during the
optimization of the model's parameters due to the complexity
of the pelvis and its interactions with other body parts. After
parameter optimization, the experimental gain is correctly
captured by the AHM and EHM. Additionally, both the AHM
and EHM models demonstrate a greater accuracy in capturing
the gain of head and trunk motions when compared to the
pelvis movements in the experimental data. In several
experimental data sets, such as trunk translational gain in
lateral direction, EHM outperforms the AHM. Indeed, high
stiffness values can be utilized to maintain a prescribed
posture during the simulations. By increasing the stiffness, the
system becomes less prone to deviating from the desired
position. However, there are trade-offs associated with high
stiffness values. One of the main drawbacks is increased joint
stiffness.
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(a) With integrator (b) Without integrator
Fig. 5. Body posture after settling.

When the stiffness is set too high, it can restrict the natural
movement of the joints, leading to decreased flexibility and

range of motion.
X Pitch

. 3
0305 1 3 8 0305 1 3 8
frequency [Hz] frequency [Hz]
— Fxp AHM = == == EHM ssnsnnnnne EHM High stiffness

Fig. 6. Model simulation results fore-aft loading case.

Additionally, high stiffness values resulted in decreased gains,
particularly in rotational responsiveness., as seen in Fig. 6 -
Fig. 8 [Units: translational gain-(m/m) and rotational gain
(deg/m)]. As a result, determining the optimum stiffness,
damping, and integral values becomes critical in model
validation. Adjusting the stiffness within an optimal range can
help maintain the prescribed posture while still allowing for
efficient movement and control.
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Fig. 7. Model simulation results lateral loading case.

5355

£ 1
=
03
0.1
3
2
©
<03
0.1 1
0305 1 3 8 0305 1 3 8
frequency [Hz] frequency [Hz]
— Exp AHM == == == EHM sesennnnne EHM High stiffness

Fig. 8. Model simulation results vertical loading case.
Active muscle controllers will be used in the future to record
reflexes, posture corrections, and complicated feedback
models, such as proprioceptive, vestibular, and visual motion
perception. This will make it possible to create cutting-edge
control algorithms for autonomous vehicles utilizing the
current EHM, thereby enhancing user comfort.

V. CONCLUSION

The process of active joint torque for body stabilization is a
complex one that involves multiple muscles and joints
working together in a coordinated manner. This study
emphasizes the significance of head in space control and
active feedback for preserving postural stability when seated
in a moving vehicle. While advanced 3D non-linear full body
models are effective for impact and comfort simulation, they
are computationally demanding (360 times EHM), making
them less practical for studying long time periods in driving
comfort. Therefore, this paper evaluates the effectiveness of
simplified 3D full body human models to capture vibration
comfort and proposes an efficient seated human body model
that can be used to improve the real time comfort and safety
of occupants. The study also explores how linear spring-
damper models with torque controllers can approximate
reflexive postural stabilization. Future research will take into
account the sensory input model, which instructs the brain to
send signals to the muscles instructing them to contract or
relax. Designers and researchers in the automotive and seating
industries can benefit from the valuable insights provided by
the current study's results, which have significant implications
for improving the comfort of occupants.

ACKNOWLEDGMENT
We acknowledge the support of Toyota Motor Corporation.

REFERENCES

[1] R. Happee, E. de Bruijn, P. A. Forbes, P. van Drunen,
J. H. van Dieén, and F. C. Theodorus. van der Helm,
“Chapter 19 - Neck postural stabilization, motion
comfort, and impact simulation,” in DHM and

Posturography, S. Scataglini and G. Paul, Eds.,

Authorized licensed use limited to: TU Delft Library. Downloaded on March 21,2024 at 15:15:17 UTC from IEEE Xplore. Restrictions apply.



(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

Academic Press, 2019, pp. 243-260. doi:
https://doi.org/10.1016/B978-0-12-816713-7.00019-
2.

R. Desai, A. Guha, and P. Seshu, “Modelling and
simulation of active and passive seat suspensions for
vibration attenuation of vehicle occupants,” Int J Dyn
Control, vol. 9, no. 4, pp. 1423-1443, 2021, doi:
10.1007/540435-021-00788-2.

C. Deubel, S. Ernst, and G. Prokop, “Objective
evaluation methods of vehicle ride comfort—A
literature review,” J Sound Vib, vol. 548, p. 117515,
2023, doi: https://doi.org/10.1016/j.jsv.2022.117515.
T. Irmak, K. De Winkel, A. Pattanayak, and R.
Happee, “Motion sickness, motivation, workload and
task performance in automate d vehicles,” in Comfort
Congress, 2021.

R. Happee, M. Hoofman, A. J. van den Kroonenberg,
P. Morsink, and J. Wismans, “A mathematical human
body model for frontal and rearward seated
automotive impact loading,” SAE transactions, pp.
2720-2734, 1998.

G. Papaioannou, D. Ning, J. Jerrelind, and L. Drugge,
“A K-Seat-Based PID Controller for Active Seat
Suspension to Enhance Motion Comfort,” SAFE
International Journal of Connected and Automated
Vehicles, vol. 5, no. 12-05-02-0016, pp. 189-199,
2022.

R. Desai, A. Guha, and P. Seshu, “An appropriate
biomechanical model of seated human subjects
exposed to whole-body vibration,” Proceedings of the
Institution of Mechanical Engineers, Part K: Journal
of Multi-body Dynamics, vol. 235, no. 4, pp. 586—601,
Sep. 2021, doi: 10.1177/14644193211039406.

R. Desai, A. Guha, and P. Seshu, “Modelling and
simulation of an integrated human-vehicle system
with non-linear cushion contact force,” Simul Model
Pract Theory, vol. 106, 2021, doi:
10.1016/j.simpat.2020.102206.

G. Papaioannou, J. Jerrelind, L. Drugge, and B.
Shyrokau, “Assessment of optimal passive
suspensions regarding motion sickness mitigation in
different road profiles and sitting conditions,” in 2021
IEEE  International Intelligent  Transportation
Systems Conference (ITSC), IEEE, 2021, pp. 3896—
3902.

M. Iwamoto, Y. Kisanuki, I. Watanabe, K. Furusu, K.
Miki, and J. Hasegawa, “Development of a finite
element model of the total human model for safety
(THUMS) and application to injury reconstruction,”
in  Proceedings of the international IRCOBI
Conference, 2002, pp. 18-20.

B. v Tass, “MADYMO reference manual,” TNO
Automotive, 2010.

M. Mirakhorlo, N. Kluft, B. Shyrokau, and R. Happee,
“Effects of seat back height and posture on 3D
vibration transmission to pelvis, trunk and head,” Int
J Ind Ergon, vol. 91, p. 103327, 2022, doi:
https://doi.org/10.1016/j.ergon.2022.103327.

5356

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

(24]

R. Desai, A. Guha, and P. Seshu, “Modelling and
Simulation of Active and Passive Seat Suspensions
for Vibration Attenuation of Vehicle Occupants:
Under review,” Int J Dyn Control, pp. 1-21, 2021.

J. Broos and R. Meijer, “Simulation method for
whiplash injury prediction using an active human
model,” in Proceedings of the IRCOBI Conference,
2016.

M. Meijer, J. Broos, H. Elrofai, E. de Bruijn, P.
Forbes, and R. Happee, “Modelling of bracing in a
multi-body active human model,” Ircobi, 2013.

M. Mirakhorlo ef al., “Simulating 3D Human Postural
Stabilization in Vibration and Dynamic Driving,”
Applied Sciences, 2022.

J. Wu and Y. Qiu, “Modelling of seated human body
exposed to combined vertical, lateral and roll
vibrations,” J Sound Vib, vol. 485, p. 115509, 2020.
R. Desai, M. Cvetkovi¢, J. Wu, G. Papaioannou, and
R. Happee, “Computationally Efficient Human Body
Modelling for Real Time Motion Comfort
Assessment,” in Advances in Digital Human
Modeling, S. Scataglini, G. Harih, W. Saeys, and S.
Truijen, Eds., Cham: Springer Nature Switzerland,
2023, pp. 285-295.

P. Van Drunen, Y. Koumans, F. C. T. van der Helm,
J. H. Van Dieén, and R. Happee, “Modulation of
intrinsic and reflexive contributions to low-back
stabilization due to vision, task instruction, and
perturbation bandwidth,” Exp Brain Res, vol. 233, no.
3, pp. 735-749, 2015.

E. de Bruijn, F. C. T. Van der Helm, and R. Happee,
“Analysis of isometric cervical strength with a
nonlinear musculoskeletal model with 48 degrees of
freedom,” Multibody Syst Dyn, vol. 36, no. 4, pp. 339—
362, 2016.

D. A. Winter, Biomechanics and motor control of
human movement. John Wiley & Sons, 2009.

R. Desai, M. Cvetkovi¢, G. Papaioannou, and R.
Happee, “Modelling human seat contact interaction
for vibration comfort,” Comfort Congress, 2023,
Accessed: Jul. 28, 2023. [Online]. Available: arXiv
preprint arXiv:2307.05496

R. Desai, A. Guha, and P. Seshu, “Multibody
Modelling of Backrest Supported Human Body for
Analyzing Vibration Induced Direct and Cross-Axis
Seat to Head Transmissibility,” Proc Inst Mech Eng C
J Mech Eng Sci, 2020.

B. V Tass, “MADYMO Model manual,” TNO
Automotive, 2019.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 21,2024 at 15:15:17 UTC from IEEE Xplore. Restrictions apply.



