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of a multi-body dynamic model
for seat-occupant system of manned
spacecraft
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Abstract

The main goal of this study is to develop a novel multi-body dynamic model for seat-occupant system of a manned

spacecraft. The seat of a spacecraft and its components has significant effects on an astronaut’s body during flight mission,

where sustained accelerations and impact loads are inevitable. Besides, conducting sustained acceleration and shock

loads on the body of astronauts during flight missions is the key factor for health conservation. This study develops a new

multi-body dynamic model for seat-occupant system of manned spacecraft to investigate the effects of spacecraft seat

design. The astronaut is modelled as a four-jointed rigid link placed on a viscoelastic cushion. The cushion is modelled to

present polyurethane foam, which is using in almost all automotive and aerospace applications. The equations of motion

are derived and the effects of different parameters are investigated. To verify the developed model, a finite element

model is presented to implement the same exact multi-body model. The results show that the presented analytical multi-

body model is in good accordance with the finite element model. The effects of different parameters such as foam

discretisation, foam thickness and geometry of seat frame on the motion of the system are illustrated. This novel model

can be used in designing spacecraft seat to preserve an astronaut’s health. It also can be used in seat control applications

and where computational efficiency is necessary.

Keywords

Spacecraft, seat-occupant system, multi-body model, polyurethane foam, viscoelastic materials, VUMAT subroutine

Date received: 18 May 2014; accepted: 10 October 2014

Introduction

Seats are one of the most important components of
manned system vehicles and seating is one of the
most critical components to be considered during
design of such vehicles. Seats are the final interface
between the occupant and the vehicle. Especially in
a spacecraft, all launch and landing operations are
performed through seats. Significant effort must be
spent to ensure proper integration of the human to
the spacecraft.

During re-entry step of a flight mission, direction
and magnitude of acceleration of the vehicle produce
a resultant acceleration vector of different direction
and magnitude when coupled with the increasing
effects of gravity. This acceleration vector is unique
to each seat position and the occupant seated in the
vehicle. When altering the seat’s pitch, roll and yaw,
each of these factors changes the linear and rotational
acceleration vector profiles that the seat will undergo

and can markedly affect the ability of the seat occu-
pant’s to tolerate the acceleration profile and/or per-
form critical functions.1

In most historical examples of spacecraft, this
results in the crew being seated recumbently for
landing.

In the case of seats, the acceleration energy should
either be removed or sufficiently managed by the
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system to allow for occupant survival. To allow flexi-
bility for risk analysis, NASA has most recently
employed a whole-body acceleration exposure limit
method, as characterized by the predicted dynamic
response of the seated occupant to a given input accel-
eration of the system.2 Using this model, the systems
designer can account for landing or abort acceler-
ations from the point of application to the vehicle,
through all structures, and ultimately to the occupant
through his or her seat.

Landing impact is inevitable during manned mis-
sions. When the manned airdrop equipment descends
to an Earth landing by parachute, the astronauts are
exposed to the ground impact forces.3 Previous stu-
dies4–7 have demonstrated that human body can tol-
erate certain levels of landing impact forces but the
high-level impact forces may have a disadvantageous
influence on the human body and even endanger the
lives of astronauts. Therefore, the landing technolo-
gies of the manned spacecrafts have been extensively
researched.

To study human responses to impact forces, many
impact experiments have been conducted.8–10 Brown
et al.11 simulated 24 body positions and conducted
288 experiments that were likely to occur during the
landing of Apollo command model. The study
demonstrated that humans could endure certain pre-
dicted Apollo landing impact forces in different body
orientations without significant injury or undue pain.
Stapp and Taylor12 conducted a series of impact
experiments using the rocket sled and summarized
human tolerance to deceleration. The results indicated
that all the body positions and impact configurations
were within human tolerance limits except the for-
ward-facing 45� reclining position. Liu et al.13

reported astronaut dynamic responses to landing
impact at different segments in selected body pos-
itions. Cheng et al.14 studied human tolerance limita-
tion in sitting position and showed that human body
can tolerate the acceleration peak of 14 g during
50ms. In the experiments, the human dynamic
responses were correlated with the acceleration peak,
duration and body position. Once these responses
exceeded human tolerance limitations, the astronauts
would suffer serious injuries. It should be noted that
these experiments considered the body position as an
important factor of an astronaut’s dynamic responses.

In the actual landing impact, not only the body
position but also the positions of other parts have
significant effects on human injuries. Hence, under-
standing an astronaut’s body dynamic responses
seems a more important problem, which is beneficial
to design a safe and secure seat.

Through this process, the relative simplicity and
effectiveness of the acceleration-induced injury risk
model must be considered along with its limitations.
While it is relatively easy to apply for the seat and
vehicle designers, this model has an inherent limita-
tion in that it remains valid only when the underlying

assumptions and test conditions upon which it was
built remain intact. To this aim, modelling the seat-
occupant system of manned spacecraft is mandatory.

There are mainly three types of models for seat-
occupant systems. These are based on the modelling
technique used: lumped parameter models, multi-
body models and finite element models (FEM).

Multi-body models can be used in more than one
dimension and are able to predict quantities and
responses that cannot be measured, compared with
lumped parameter models. They are able to describe
the effects of global deformations with high computa-
tional efficiency as compared with FEM and do not
need as many inputs. Despite their advantages, multi-
body models, especially in more than one dimension,
have not been used widely, although there are a few
models described in the literature, such as those devel-
oped by Nishiyama.15–17 All these models are applied
in automotive applications and it should be mentioned
that there is no such model for aerospace applications.

The seat characteristics play an important role in the
response of the seated occupants to input loads. For
example, most modern car seats are full-foam (flexible
polyurethane foam); thus the properties of foam sig-
nificantly affect the static and dynamic comfort of
occupants. Hence, it is important to develop models
of seat-occupant systems that incorporate the proper-
ties of the foam.18 Although there are a number of
studies that measure the response of humans in seated
position to excitation applied to the base of a rigid seat,
only in the past few years have researchers startedmea-
suring andmodelling the response to humans seated on
soft seats, thus introducing the effects of the seating
foam. The study by Hinz et al.19 deals with the meas-
urement of the apparent mass of human subjects on a
soft seat with a backrest cushion, while the study by
Patten et al.20 involves measuring and modelling the
response of a human seated on an automotive seat
cushion with a single degree-of-freedom model. Cho
and Yoon21 use a multi-body model to describe the
measured transmissibility with backrest support. As
has been mentioned previously, all these models have
found applications in automotive industries.

The goal of this study is the development of a
multi-body modelling approach that can predict the
response of the seated occupant in a manned space-
craft to changing occupant and seat characteristics
such as frame geometry and foam thickness. Such a
model will have the ability to predict the static and
dynamic responses of the seated occupant during
flight mission and for different exposed loads. The
developed model will be able to predict the bio-
dynamic responses of seated occupants to excitations
applied at the seat frame. This research presents a
two-dimensional, multi-body seat-occupant model of
a manned spacecraft system for predicting the static
equilibrium position of the occupant in the seat.
The modelling approach incorporates rigid body
dynamics of the occupant, large deformation
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viscoelastic models of the flexible polyurethane foam
in unidirectional compression and a model of the
forces at the seat-occupant interface. The foam
accommodated between the seat frame and the occu-
pant is represented by a number of unidirectional
nonlinear viscoelastic elements. The resulting multi-
degree-of-freedom system’s analytical model is devel-
oped using Lagrangian formulation. To verify the
developed model, an FEM has been developed that
is similar to the multi-body model. To model the poly-
urethane foam behaviour, a hand-written Fortran
code is employed and imported in finite element soft-
ware to present the exact same behaviour of mathem-
atical foam model. The results from multi-body model
and FEM show very good agreement. Finally the
effects of seat parameters, such as foam thickness
and seat geometry, on occupant dynamic response
are shown using different figures.

Seat-occupant system and multi-body
model development

The different elements of modelled seat-occupant
system are shown in Figure 1. The polyurethane
foam shown in Figure 1 is assumed to be represented
by a number of equivalent nonlinear viscoelastic
spring and damper elements. The parameters of
these springs depend on the properties of the seating
foam and are defined by the constitutive model of the
foam described later.

Besides, forces in interfacial surfaces of seat and
occupant are considered in normal and tangential dir-
ections. The occupant model is presented by four rigid
links describing head and neck, femur, shank and
trunk, as shown in Figure 1.

Constitutive foam model

Available evidences recommend the use of rate-depen-
dent foams in operational seat cushions assuming that

these foams are reasonably durable and suitable for
operational use. Such cushions have the potential to
enhance long-term sitting comfort and to improve the
impact protection performance of escape systems in
high-performance aircrafts and spacecrafts.

Flexible polyurethane foam is used in automotive
and aerospace seating. The stress–strain relationship
of this foam is highly nonlinear and depends on the
strain rate, as seen from the stress–strain curve of foam
obtained from a uniaxial cyclic compression test.18

Flexible polyurethane foam is highly nonlinear and
has viscoelastic characteristics; hence, its effects on
the complex dynamic response of the seat-occupant
system can be applied by considering a single degree-
of- freedom system in uni-directional motion.18

The properties of foam depend on the foam com-
pression because the stiffness of foam changes with
compression level. Also, there is a substantial differ-
ence in the loading and unloading curves due to the
viscoelasticity and other dissipation mechanisms pre-
sent in foam. The model of the behaviour of foam in
uni-directional compression (for a single-cycle test) is
assumed to be given by the following stress–strain
relation

XM
j¼1

kj"
j þ

Z t

0

XN
i¼1

aie
��i t��ð Þ _" �ð Þd� ¼ F tð Þ=A ð1Þ

The first term represents the nonlinear elastic stress
component, with the nonlinear form defined by a
polynomial through ‘stiffness’ parameters, while the
second term is the viscoelastic stress component
dependent on the strain rate. The strain " is defined
as " ¼ H� x=H.18 The nonlinear elastic and linear
viscoelastic parameters for the seating foam is taken
from the study of Gauri et al.18

The seating foam is assumed to be made up of a
sufficient number of these nonlinear viscoelastic
spring elements. This is an approach to model the
behaviour of the seat-occupant system, where the

Figure 1. Different elements of seat-occupant model.
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material properties are an integral part of the model
and the influence of changes in the material behaviour
on the occupant responses can be directly examined
using this model. In this sense, this model is based on
physical modelling of the components and not a
response-driven model.

Seat-occupant multi-body model

The considered model for occupant is composed of
four primary elements representing head and neck,
femur, trunk and shank. The geometric parameters
are depicted is Figure 2.

For more accurate modelling, head and neck are
separated from the trunk. Six generalized coordinates
are considered as follows: �, �, �1, �2, �3 and �4.

The origin of inertia coordinate is shown as point
A on the frame (Figure 2). Figure 3 shows the inertia
parameters of each segment.

Modelling spring-damper elements

In the presented model, seat cushion is modelled as
several discretized spring-damper elements. One end

of each element moves along the occupant but it is
restricted to be orthogonal to each body part. The
other end is attached to the seat frame.

Seat cushion has been considered as several non-
linear viscoelastic springs in different parts. Besides,
forces in the interfacial surface of foam and occupant
have two tangential and normal components.

The occupant model involves head–neck, trunk,
femur and shank. Seat frame in composed of four
segments corresponding to each occupant part. The
hip joint position and the position of discretized
spring elements are shown in Figure 3.

Seat cushion is considered as several discretized
spring elements, which models the viscoelastic and
nonlinear elastic behaviour of foam, according to
equation (1). It should be noted that there is no con-
nection between these individual elements and accord-
ingly the resulting shear in the contact is not
considered. The discrete nature of the elements can
be justified by noting that for soft material, the sig-
nificant part of contact deformation occurs locally,
with minimal deformation effect remotely from each
element; this is shown by the column method contact
mechanics approach.22

It is also worth mentioning that the contact is sub-
ject to accelerative input; therefore it suffers shock
loading. In fact, the instantaneous generated contact
pressures penetrate into the seat and occupant body in
waveforms with a series of frequencies. The constitu-
ents with lower frequency penetrate further.23 Since
implementing the above-mentioned features in the
system makes the problem computationally expensive,
in this study, the developed simplified model is a pre-
liminary step into decreasing the computational costs
and increasing the efficiency of the model.

The foam force computed from equation (1)
predicts the foam force accurately for compression
levels between 0% and 70%. This foam force
has to be modified so that the force exerted by foam
as compression approaches 100% tends towards
infinity.24

At very high compression levels, the polyurethane
structure at microscopic level is attended (i.e. the air is
squeezed out of the foam) and the polyurethane strut
elements are in contact with each other. As compres-
sion increases, the polyurethane material itself
becomes compressed. Thus, at very high compression
levels, there is an exponential-like increase in the foam
force. Also, the foam force should be 0 for all com-
pression levels less than 0% because the seated occu-
pant loses contact with the foam when compression
becomes 0 and seat-occupant interaction does not
support tension in foam. Ippili et al.25 modified the
predicted spring force by two sigmoid functions

S1 ¼ 1= 1þ e250 1�"�0:98ð Þ
� �

ð2Þ

S2 ¼ 1= 1þ e�125 1�"�0:1ð Þ
� �

ð3Þ

Figure 2. The occupant model: geometric parameters and

configuration.

Figure 3. The position of centre of masses and joints of the

occupant. Inertia parameters for describing system motion and

the position of hip joint and nonlinear viscoelastic elements. ~Fintj

and ~FVj
are the jth element interfacial and viscoelastic forces,

respectively.
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Multiplication with the first sigmoid function S1

makes the force 0 if the strain <0. Dividing the
force by the second sigmoid function S2 makes the
force!1 when strain is >0.90.

The spring elements are assumed to be attached to
the occupant and are constrained to remain perpen-
dicular to the body. There is no dissipation or resist-
ance at the joints of the occupant, all dissipation being
modelled through the viscoelastic foam model and
linear dampers associated with each nonlinear visco-
elastic spring.

Modelling of interfacial forces

The in-plane forces at the seat-occupant interface
are included in the model. The interfacial forces
between the occupant and the seat, including the fric-
tional and the tangential shear forces, play an essen-
tial role in determining the static settling point for the
system. These forces are important to prevent the
occupant from sliding out of seat. Very few research-
ers have reported on the characterization of the occu-
pant-seat interface. This interface is extremely
complex due to the number of layers of materials
and the interfacial properties of these materials. To
take these interfacial forces into account, here a
crude approximation by a simple model has been
assumed.

In this study, it is assumed that these forces act on
the occupant tangentially at the points where the
viscoelastic spring forces act normally. Accordingly,
it is assumed that the interfacial forces act on the
occupant at the points where the spring forces act.
These spring forces represent the interaction between
the seat cushion and the occupant. Furthermore, these
forces are tangential to the body in a direction oppos-
ite to the motion of the body at that point and have
magnitude proportional to the spring force F. Thus,
the force at a given point is

Fint ¼ �� Fj j ð4Þ

This model represents the maximum friction force
and the orientation of each interface force vector is
then always parallel to the occupant’s body compo-
nent at the point of attachment of the spring.

Equations of motion

The equations of motion for the seat-occupant system
can be derived by using Lagrangian formulation.26

The Lagrangian formulation simplifies the task of
writing down equations for the complex seat-occu-
pant system. In this study, a base excitation Z tð Þ in
the vertical direction and X tð Þ in the horizontal direc-
tion is applied to the system. The Lagrangian formu-
lation consists of n second-order differential equations
that define the motion of a system with n generalized

coordinates. The Lagrange’s equations of motion for
a system are given by

d

dt

@T

@ _qr

� �
�
@T

@qr
þ
@U

@qr
þ
@D

@ _qr
¼ Qr, r ¼ 1, 2, . . . , n

ð5Þ

D _qrð Þ is used for representing the energy dissipated
due to linear velocity proportional damping. The kin-
etic energy, the potential energy, the generalized
forces and the Raleigh dissipation function for the
seat-occupant system are given by

T ¼
1

2

X4
i¼1

mi _x21 þ _z21
� �

þ
1

2

X4
i¼1

Ii _�2i
� �

ð6Þ

U ¼ g
X4
i¼1

miZi þ
Xntotal
i¼1

Vi �ið Þ ð7Þ

Qi ¼
Xntotal
j¼1

~Fint j �
@~rj
@qi
þ
Xntotal
j¼1

~FV j �
@~rj
@qi

ð8Þ

In the above equations, i ¼ 1, 2, 3, 4 can be head–
neck, trunk, femur and shank. The centre of mass of
the head and neck, the femur and the shank and trunk
can be defined in terms of the generalized coordinates

Ax¼X tð ÞBaseMovement Inputð Þ,

Ay¼Z tð ÞBaseMovement Inputð Þ

J1x¼X tð Þþ� tð Þ, J1y¼Z tð Þþ� tð Þ,

J2x¼J1xþ l1þ l2ð Þcos �1ð Þ, J2y¼J1yþ l1þ l2ð Þsin �1ð Þ

J3x¼J1xþ l5þ l6ð Þcos �3ð Þ, J3y¼J1yþ l5þ l6ð Þsin �3ð Þ

J4x¼J2xþ l3þ l4ð Þcos �2ð Þ, J4y¼J2yþ l3þ l4ð Þsin �2ð Þ

G1x¼J1xþ l1 cos �1ð Þ, G1y¼J1yþ l1 sin �1ð Þ,

G2x¼J2xþ l3 cos �2ð Þ, G2y¼J2yþ l3 sin �2ð Þ

G3x¼J1xþ l5 cos �3ð Þ, G3y¼J1yþ l5 sin �3ð Þ,

G4x¼J3xþ l7 cos �4ð Þ, G4y¼J3yþ l7 sin �4ð Þ:

ð9Þ

where Z tð Þ and X tð Þ are the displacement of the seat
base due to the external vertical and horizontal exci-
tation applied at the seat base. The defined terms for
the foam potential and dissipation energy in the equa-
tions of motion are given by

U ¼
Xntotal
i¼1

Vi �ið Þ ¼

Z �

0

Xntotal
i¼1

Fi �ið Þ d�i

UV� rð Þ ¼
@Uv

@qr
¼

@

@qr

Z �

0

Xntotal
i¼1

Fi �ið Þ d�i

¼
Xntotal
i¼1

Fi �ið Þ
@�i
@qr

; � ¼ � qrð Þ

ð10Þ

D ¼
1

2

Xntotal
i¼1

ci _�
2
i , D� ¼

@D

@ _qr
ð11Þ
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Mtotal ¼Mf þMs þMh þMt and ntotal ¼ nf þ nsþ
nh þ nt. For the term Qi, it should be noted that the
tangential forces act along centre line of each segment
and the viscoelastic forces are normal to the segments.
For tangential and viscoelastic forces, which are non-
conservative, the generalized forces are given by

Qi ¼ Qint
i þQV

i ¼
Xntotal
j¼1

~Fint j �
@~rj
@qi
þ
Xntotal
j¼1

~FV j �
@~rj
@qi

ð12Þ

Finally, substituting the above equations in
Lagrange equations, the equations of motion can be
derived as

M½ � €Q
� �
¼ A½ � ð13Þ

where M is a 6 by 6 matrix and its arrays are

M11¼Mtotal, M12¼0,

M13¼�Mfl1sin �1ð Þ�Ms l1þl2ð Þsin �1ð Þ

M14¼�Msl3sin �2ð Þ,

M15¼�Mtl5sin �3ð Þ�Mh l5þl6ð Þsin �3ð Þ

M16¼�Mhl7sin �4ð Þ, M21¼0, M22¼Mtotal

M23¼Ms l1þl2ð Þcos �1ð ÞþMfl1cos �1ð Þ,

M24¼Msl3cos �2ð Þ

M25¼Mh l5þl6ð Þcos �3ð ÞþMtl5cos �3ð Þ,

M26¼Mhl7cos �4ð Þ

M31¼� Mfl1sin �1ð ÞþMs l1þl2ð Þsin �1ð Þ
� �

M32¼Mfl1cos �1ð ÞþMs l1þl2ð Þcos �1ð Þ

M33¼IfþMfl
2
f þMs l1þl2ð Þ

2

M34¼Msl3 l1þl2ð Þ cos �2��1ð Þð Þ

M35¼0, M36¼0, M41¼�Msl3sin �2ð Þ,

M42¼Msl3cos �2ð Þ

M43¼Msl3 l1þl2ð Þ cos �2��1ð Þð Þ, M44¼I2þMsl
2
3

M45¼0,M46¼0,M51¼� Mtl5þMhl5þMhl6ð Þsin �3ð Þ

M52¼ Mtl5þMhl5þMhl6ð Þcos �3ð Þ,M53¼0,M54¼0

M55¼ItþMtl
2
6þMh l5þl6ð Þ

2,

M56¼Mhl7 l5þl6ð Þcos �4��3ð Þ

M61¼�Mhl7sin �4ð Þ, M62¼Mhl7cos �4ð Þ,

M63¼0,M64¼0

M65¼Mhl7 l5þl6ð Þcos �4��3ð Þ, M66¼Mhl
2
7

ð14Þ

€Q includes the second derivative of generalized
coordinates as

€Q ¼ €� €� €�1 €�2 €�3 €�4
� 	T

ð15Þ

Also, A involves the following terms

A 1ð Þ¼��þMtotal
€X� Ms l1þl2ð ÞþMfl1
� �

cos �1ð Þ _�
2
1

�Msl3 _�22 cos �2ð Þ

� Mtl5þMhl5þMhl6ð Þ _�23 cos �3ð Þ

�Mhl7 _�24 cos �4ð Þ

A 2ð Þ¼��þMtotal
€Zþg

� �
� Mfl1þMsl1þMsl2
� �

_�21 sin �1ð Þ

�Msl3 _�22 sin �2ð Þ� Mtl5þMhl5þMhl6ð Þ _�23 sin �3ð Þ

�Mhl7 _�24 sin �4ð Þ

A 3ð Þ¼��1� Msl2þMsl1þMfl1
� �

� €Xsin �1ð Þþ gþ €Z
� �

cos �1ð Þ
� �
þMsl3 l1þl2ð Þsin �1��2ð Þ _�22

A 4ð Þ¼��2þMsl3 �sin �2ð Þ €Xþ €Zþg
� �

cos �2ð Þ
�

þ l1þl2ð Þsin �2��1ð Þ _�21
�

A 5ð Þ¼��3� Mtl5þMhl5þMhl6ð Þ

� sin �3ð Þ €Xþ €Zþg
� �

cos �3ð Þ
� �
þMhl7 l5þl6ð Þsin �3��4ð Þ _�24

A 6ð Þ¼��4�Mhl7 sin �4ð Þ €X� gþ €Z
� �

cos �4ð Þ
�

þ l5þl6ð Þsin �3��4ð Þ _�23
�

ð16Þ

where the � terms in above equation are

�� ¼ UV� 1ð Þ þD� 1ð Þ þQ 1ð Þ

�� ¼ UV� 2ð Þ þD� 2ð Þ þQ 2ð Þ

��1 ¼ UV� 3ð Þ þD� 3ð Þ þQ 3ð Þ

��2 ¼ UV� 4ð Þ þD� 4ð Þ þQ 4ð Þ

��3 ¼ UV� 5ð Þ þD� 5ð Þ þQ 5ð Þ

��4 ¼ UV� 6ð Þ þD� 6ð Þ þQ 6ð Þ

ð17Þ

Single-degree-of-freedom foam-block model

The force F �ið Þ (equation 10) consists of non-linear
elastic and linear viscoelastic components.
Therefore, F �ið Þ ¼ A 	e Xið Þ þ 	v Xið Þ½ �. The linear
viscoelastic component 	v Xið Þ is represented by the
integral in equation (1) and can be expressed as

Fv tð Þ ¼

Z t

�1

XN
i¼1

aie
��i t��ð Þx �ð Þd� ð18Þ

For a two-term viscoelastic model (N ¼ 2) Singh26

showed that the integral in equation (18) can be con-
verted into a differential equation of the form

€Fv ¼ a1�2 þ a2�1ð Þxþ a1 þ a2ð Þ _x

� �1�2Fv � �1 þ �2ð Þ _F ð19Þ
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Thus equation (18) has been transformed into a
differential equation.

For a seat-occupant system with ntotal springs, there
will be ntotal differential equations like equation (19)
that have to be solved in conjunction with the second-
order differential equations represented in matrix
form by equation (19). Therefore, if viscoelastic effects
are considered, as the number of springs used to rep-
resent the foam increases, the number of second-order
differential equations to be solved also increases.
Therefore, it results in a significant increase in the
computational time required to numerically integrate
these equations.

Seat-occupant FEM

To verify the developed multi-body model, the FEM
of the seat-occupant system has been practiced. Four-
jointed rigid links with the same inertia properties has
been modelled to represent occupant in recumbent
position. The occupant is located on a deformable
material representing seat cushion. The FEM in an
arbitrary initial state is shown in Figure 4.

The special behaviour and mathematical model of
the viscoelastic polyurethane foam (equation 1) con-
sidered in this study led to using material models in
ABAQUS. It should be noted that there is no material
model corresponding the viscoelastic foam applied as
seat cushion in the software. Therefore, to regenerate
the same mathematical model, a VUMAT subroutine
in Fortran is written to produce the same mathemat-
ical model as equation (1).

The finite element modelling of viscoelastic behav-
iour has been widely reported in the literature. The
vast majority, however, deals with the isotropic case,
where there are only two distinct sets of relaxation
behaviour: one associated with the shear modulus
and the other with bulk modulus.

The original algorithm of Poon and Ahmad27

addresses linear viscoelasticity. The key algebraic
structure and the basic steps in the algorithmic devel-
opment are general enough to accommodate
non-linear viscoelastic behaviour, at least in the
form proposed by Schapery.28

Focusing on the computational task at hand and
adding superscripts to indicate the time step, the con-
stitutive law can be re-written as

	nþ1ij ¼ hnþ1e

X
k

X
l

C1ijkl �"
nþ1
kl

" #

þ hnþ11

X
k

X
l

~Cijklh
nþ1
2 �"nþ1kl �Dnþ1

ijkl

h i
ð20Þ

The only unknown on the right-hand side is Dnþ1
ijkl .

User is free to choose an appropriate method for
integrating equation (1). The backward Euler scheme
is implemented here for ease of coding. Alternate stra-
tegies such as the generalized trapezoidal rule can be
adopted easily.

Replacing the derivative by finite difference in
equation (1), and using the backward Euler scheme,
which is known for its stability, the following can be
obtained29

Dnþ1
ijkl ¼

1

�t
þ

1

�ijklA
nþ1
ijkl

 !�1
Dn

ijkl

�t
þ

~Cijklh
nþ1
2 �"nþ1kl

�ijklA
nþ1
ijkl

" #

ð21Þ

Consistent tangent operator

The consistent tangent operator concept was intro-
duced by Simo and Taylor30 in the context of
rate-independent plasticity. During the incremental

Figure 4. The corresponding finite element model of developed multi-body model.

RP: Reference Point.
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solution process for non-linear problems, non-linear
virtual work equations are solved by Newton’s
method. In updating the global Jacobian matrix, esti-
mates are needed, at the integration point level, of the
rate of change of stress with regard to strain.
Previously, the quantities @ _	=@ _" were used, resulting
in sub-optimal convergence rates. It turns out that
using the quantity @	nþ1=@�" produces better results
because this expression depends not only on the
constitutive law but also on the time integration algo-
rithm in the constitutive update.

The use of this quantity preserves the quadratic
convergence rate of Newton’s method and accelerates
the search for displacement fields that best satisfies the
principle of virtual work.

From the study of Poon and Ahmad,29 the con-
sistent tangent operator required in VUMAT subrou-
tines is

@	nþ1ij

@�"ab
¼ heC

1
ijab þ

@he
@�"ab

X
k

X
l

C1ijkl �"
nþ1
kl

" #

þ
@h1
@�"ab

X
k

X
l

~Cijklh2 �"nþ1kl �Dnþ1
ijkl

h i
þ h1h2 ~Cijab � h1h2Gijab

þ h1
@h2
@�"ab

X
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X
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kl
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� h1
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@�"ab
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l
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where

Gijkl ¼
1

�t
þ

1

�ijklA
nþ1
ijkl

 !�1
~Cijkl

�ijklA
nþ1
ijkl

ð23Þ

In equation (22), quantities such as he, h1 and h2,
as well as their partial derivatives, are to be evaluated
at the end of the increment. The corresponding terms
has been substituted in these equations to be repre-
sentative of viscoelastic polyurethane foam in this
study.

Results and discussion

The occupant has been modelled as four-jointed rigid
links with mass and inertia moments. The seat frame
dictates the geometry of the seat, which is modelled as
a rigid body with fixed geometry. The seat cushion is
assumed to be a viscoelastic material. The viscoelastic
cushion material in this study is considered to be poly-
urethane foam. The foam has been modelled as
several discretized spring-damper elements. The inter-
action of the foam and the occupant occurs through
two tangential and normal force components. The
equations of motion have been derived and simulation
results are presented in this section.

For simulation sake, the anthropometric param-
eters for an astronaut weighing 75 kg and 180 cm in
height have been used. The anthropometric data (cen-
tres of gravity, moment of inertia and mass distribu-
tion) are taken from the study of Winter.31

To verify the developed multi-body model, an
FEM is developed. The polyurethane foam with its
specific strain–stress mathematical behaviour is
imported through a hand-written code. The results
for some specific cases are shown in this section.
Considering  1 ¼ 70�,  2 ¼ 15�,  3 ¼ 170� and
 4 ¼ 140� and friction coefficient � ¼ 0:25 for all seg-
ments and initial thickness of foam as h0¼ 10 cm, the
simulation results from developed multi-body model
and FEM for the following initial condition are pre-
sented in Figures 5–10

Q0 ¼ �0 �0 �01 �02 �03 �04
� 	T
¼ 1 1:3h0  1  2  3  4

� 	T ð24Þ

To choose the best number of spring elements, first
the results obtained from multi-body model are

Figure 6. Comparison between multi-body and FEM and

effects of number of springs on �.
FEM: finite element model.

Figure 5. Comparison between multi-body and FEM and

effects of number of springs on �.
FEM: finite element model.
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compared with those from FEM. The results in
Figures 5–10 show good agreement between the devel-
oped multi-body model and FEM. Results also show
the good convergence of the motion of system

regarding variation of number of discretized spring
elements.

Figures 5–10 illustrate the response of the system
for an arbitrary initial condition. The results are rep-
resented for different numbers of seat cushion discre-
tized elements. According to these figures, as the
number of cushion discretized elements increases,
the results obtained from multi-body model converge
with the results of FEM. The results of multi-body
model are in a very good agreement with the results
of finite elements, which certify the accuracy of the
presented multi-body model. For N ¼ 50, the results
of multi-body model reveal appropriate agreement
with FEM results. However, it should be mentioned
that increasing the number of discretization corres-
ponds with increasing the total number of differential
equations that should be solved. This means that the
total number of discretized elements is chosen in a
way that both computational efficiency and model
accuracy are preserved. Here N ¼ 50 satisfies these
two aims.

Figure 11 shows the strains in discretized elements
during the motion. The marked lines in the figure
determine the strain within different discretized visco-
elastic elements.

The viscoelastic forces are as shown in Figure 12.
Viscoelastic materials have some time-dependent fea-
tures. They reveal their features with time. The cush-
ion is a viscoelastic material. Whenever gravity has an
effect, it shows its time integration properties. The
marked lines in Figure 12 determine the viscoelastic
forces in different discretized spring elements.

The thickness of the foam (h0) has significant
effects on the response of the occupant. Large thick-
nesses would make large displacements of the occu-
pant and small thicknesses would expose high loads to
the occupant, which increases injury potentials. The
effects of foam thickness on the response of the occu-
pant are shown in the following figures.

According to Figures 13–18, the changes in foam
thickness cause changes in the motion of the system,

Figure 7. Comparison between multi-body and FEM and

effects of number of springs on �1.

FEM: finite element model.

Figure 8. Comparison between multi-body and FEM and

effects of number of springs on �2.

FEM: finite element model.

Figure 9. Comparison between multi-body and FEM and

effects of number of springs on �3.

FEM: finite element model.

Figure 10. Comparison between multi-body and FEM and

effects of number of springs on �4.

FEM: finite element model.
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Figure 12. Viscoelastic Forces in viscoelastic spring elements of the foam.

DVE: discretized viscoelastic element.

Figure 11. Strain in viscoelastic spring elements of the foam.

DVE: discretized viscoelastic element.

Figure 14. Effect of foam thickness on �.Figure 13. Effect of foam thickness on �.
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especially in the angles of body parts. As Figures 13
and 14 show, the displacement of hip joint is changing
by variation in cushion thickness. The hip joint dis-
placement results in whole body movement. The
effects of the foam thickness on body parts movement
is also shown in Figures 15–18. It is shown that
increasing the cushion thickness leads to increase in
occupant motion. Furthermore, decreasing the cush-
ion thickness also leads to different motion in occu-
pant body movements. Therefore, designers should

consider these effects based on the goals that they
are looking for.

As it is mentioned before, the development of
multi-body models help designers to design their
desired parameters based on their goal, more accur-
ately and efficiently. In spacecraft seats, the aim is to
decrease the probable injury to an astronaut to its
lowest level. To achieve this, the response of an astro-
naut’s body has to be predicted. The obtained results
of this study continues with the investigation on the
effects of seat geometry on the occupant response.

To investigate the effects of seat geometry on the
dynamic response of an occupant, the effects of
changes in the seat frame geometry, i.e.  1,  2,  3

and  4 on occupant motion are illustrated.
Effects of  1 on hip joint movement is shown in

Figures 19 and 20. Increasing  1 causes the decrease
of both horizontal and vertical motions of hip joint.

Effects of  2 on hip joint location movements are
shown in the figure below.

Figures 21 and 22 clearly show that changes in  2

have small effects on the hip joint motions.
Changes in  3, which corresponds to the place

of trunk, have significant effects on system move-
ments. As Figure 23 shows, changes in this parameter
lead to sudden motion on horizontal location of the
hip joint. The final position of this joint is lowered as

Figure 15. Effect of foam thickness on �1.

Figure 16. Effect of foam thickness on �2.

Figure 19. Effect of changes in  1 on �.

Figure 17. Effect of foam thickness on �3.

Figure 18. Effect of foam thickness on �4.
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 3 increases. The effects of  3 on �2 are shown in
Figure 24. The changes in the motion of �2 are signifi-
cantly affected by  3.

The effects of all these parameters can be investi-
gated, separately. Developing this multi-body model
with computational efficiency provides the possibility
to analyze these effects in a more reasonable compu-
tational time and makes it possible to conduct high
computational procedures such as optimization
algorithms.

Conclusions

The aim of this study was to develop a novel multi-
body dynamic model for predicting dynamic behav-
iour of the seat-occupant system of manned space-
craft. Among different engineering models, multi-
body models are well known for high computational
efficiency and ease of implementation.

Motion prediction of astronaut’s body response to
dynamic load during flight mission and especially
during landing makes designer to be aware of suscep-
tible parts of body which injury potential is more
likely. These predictions make it possible to design
the seat with secure injury risks through seat geometry
and proper seat cushion. It also makes it possible to
control the attitude of seat in a way that keeps the
astronaut in a safe configuration.

A four-segment multi-body model of occupant is
considered through this study to model the seat-occu-
pant system of a manned spacecraft. The system is
composed of seat frame, seat cushion and occupant.
The derived equations of motion are verified by the
same FEM.

The effects of foam discretization has been com-
pared with FEM results to show the convergence of
foam discretized model. The results also illustrate the
effects of seat cushion thickness, foam discretzation

Figure 24. Effect of changes in  3 on �.

Figure 20. Effect of changes in  1 on �. Figure 23. Effect of changes in  3 on �.

Figure 22. Effect of changes in  2 on �.

Figure 21. Effect of changes in  2 on �.
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and seat frame geometry on dynamic behaviour of an
astronaut’s body. The results show high efficiency,
accuracy and applicability of the developed model.
This computationally effective model can be used to
survey the motion of the system and the effects of
involved parameters. These results are important in
designing the seat of spacecrafts to guarantee safety
of astronauts.
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Appendix

Notation

ai foam viscoelastic parameter
A area of the foam normal to the

direction of loading
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D _qrð Þ Rayleigh dissipation function
F tð Þ force acting on the foam
~Fint j interfacial force at the jth spring due

to normal forces
H the uncompressed height of the foam

block
Ii moment of inertia of the ith body

element about its center of mass
kj stiffness parameters of the foam
mi mass of the ith body element
Mf, If mass and inertia moment of femur
Mh, Ih mass and inertia moment of head–

neck
Ms, Is mass and inertia moment of shank
Mt, It mass and inertia moment of trunk
Mtotal total mass of occupant
nf number of springs at the femur
nh number of springs at the head–neck
ns number of springs at the shank
nt number of springs at the trunk
ntotal total number of discretized elements

qr generalized coordinates of the
system.

Qr qr, _qr, tð Þ generalized forces
T ¼ T qr, _qrð Þ kinetic energy of the system
U ¼ U qrð Þ potential energy of the system
Vi �ið Þ potential energy of the ith spring
x deformed height of the foam block

�i foam viscoelastic parameter
� compression of each spring
" strain in the foam
� horizontal position of hip joint
� vertical position of hip joint
�1 angular position of femur with

respect to horizontal axis
�2 angular position of shank with

respect to horizontal axis
�3 angular position of trunk with

respect to horizontal axis
�4 angular position of head–neck with

respect to horizontal axis
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