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1 Introduction body’s apparent mass tht_a multi d_egrees of freedo@F) Iumped

Man-made artificial environments have exposed the humgﬁ]rameter model associated with that datgbase_, as V.V't.h many
body to more extreme conditions than those of the natural en |t- er models, repre;enteq the_ human body in a single sitting pos-
ure exposed to vertical vibration.

ronment. The human body tolerance in vibration environmen Interfaces of the human body with supporting surfates
may limit the ability of the human to operator high Ioencormancﬁody/cushion-seat residual Iimb);prosthetic socheesent an |m

vehicles and in that way to limit the overall performance of th X 8 L .
entire systenj1,2]. Moreover, prolonged or frequent exposure gportant deS|gn chgllenge In terms for p.r(.)wdlrjg adeguate mechani-
' ! :fll support in static and dynamic conditions in addition to protect-

dynamic environments may cause general physical and ph)& . X
ological disorders or tissue degeneratidh Thus, special aspects'ng S.Oﬁ tissue from trauma and ulceratiof7]. Several

have to be considered in order to protect the human body. T%perlm_ent_al d_ewces have been developed_ to measure the contact
basic analytical tool for developing protective devices is a modgl €SS distribution of the human body/seat interface in both static
simulating the human body in a sitting posture exposed to vibr@d dynamic conditions e.g. for flexible/rigid bodiesatio - the

tion environments. This model should include two subsystems tgpntact Pressure Dlspla_@CPD) [10.’111' the Electronic Shape
represent the human body dynamics and the seat/cushion.Sf'SCMESS/Computer Aided Seating Syste(@ASS [12] and
studying and developing any type of protection in a vibratiofPr flexible/flexible bodies (dynamig-the Contact Geometry

environment it is vital to consider both the human body dynamiddedular Resistive TransducéCGMR) [13]. .
and its interfaces with the environments. Optimizing a custom-made cushion is ongoing research mainly

Both experimental and analytical approaches were used fgg:used on static _c_onditions. Cushion design was aimed at prqvid-
study human body dynamics in a vibration environment. Howd loading conditions characterized by low peak and gradient
ever, most of the models focused on studying human body dynamterf_a_ce pressures. Custom contour foam cushions with various
ics only along the vertical axis with respect to the gro{#hd7]. A dens_ltles lowered the interface pressure compares to flat fo_am
systematic experimental work performed by Fairley and Griffiushions[14]. A shape-based two-phase custom cushion design
[8,9] studied the apparent mass frequency response function dffgtocol was proposed by Brienza et 15]. The method of
seated human body given different body postures, environmerftgpice for modeling this interface in static conditions only is Fi-
effects, vibration axes, and vibration magnitudes. Although thidte Element Analysi¢FEA) [16,17. However, the nonlinear vis-

study provided profound experimental data about the hum&Relastic nature of soft tissue, in addition to the large deformation
involved during the loading process, are still challenging this tech-
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seat cushion design for vibration conditions is trial and error, tt
design procedure becomes complicated and requires extens
data analysis. Simulation, based on a numerical model can shor
and simplify the design procedure.

The objective of this study was to develop a lumped paramet
model describing the apparent mass of a seated human body in
three main vibration directionéX,Y,Z). The global human body
model was further developed to describe the local dynamics of t
human pelvis/vibrating seat contact using a cushioning interfac
Studying this unique interface with the model led to the develoj
ment of basic guidelines for composite cushion design that inc
porated both the shape and materials composition for human bc
protection in vibration environments.

2 Method

The multi DOF lumped parameter model of a human body in
sitting posture was developed as two subsystems. The first si
system represented the apparent mass phenomenon as the gl
human dynamics. The model for the vertical directiat) was
originally proposed by Fairley and Griffifil4]. This model was
further generalized, in this study to the three vibration axe
(X,Y,Z) simulating the effects of various sitting postures and er
vironmental characteristics on the apparent mass phenomen
The second subsystem represented the local dynamics of the
man pelvis/vibrating seat contact with a cushioning interface. Tt
two dimensional lumped parameter model of the human pelv
structure coming in contact with the vibrating seat was then add
to the global human body subsystem model. The combined mot
represented the two substructurgmiman pelvis and cushipn
both geometrically and mechanically and focused on describii
the vertical contact forces generated at their interface. The follow-
ing subsections include a detailed description of each subsystefiy. 1 Lumped parameter model of a seated human body with
three separate vibration axes

2.1 Global Dynamics-Apparent Mass. The human body
exhibits complex dynamic behavior when exposed to a vibration
environment. Apparent mass is one of several biomechanical en- ) . .
gineering characteristid®.g., mechanical stiffness and mechanitentsKy Cy to zero, since there is no relative movement between
cal impedancedefined for describing the human body’s biomethe footrgst and the seat plate. However, when feet were supported
chanical frequency response when exposed to a vibratiA & stationary footrest, the spring and damper,Cy) connect-

environment. ing the massn, to the stationary footrest were not omitted due to
The apparent mass of a seated human body was represented byq'@élve mOVemen'}S between the footrest and the seat, influencing
complex transfer functioffrequency dependent the overall dynamics.
To achieve the best representation of the experimental results
S :@ (1) using the numerical model, several basic guidelines had to be
A(s) established for optimal selection of the model parameters. The

lumped parameter models D@6ne or twg were selected based

on the number of vibration modes appearing in the experimental
'data. The mass components of the model were considered to be
non-variant parameters and defined by Fairley and Gri8ig],
whereas the viscoelastic elements were defined as variant param-
Etérs. The numerical values of the stiffness coefficieKts, K+)

where:M(s) is the apparent masE{(s) is the force transmitted at
the human body/seat interfad(s) is the acceleration of the seat
ands is a complex frequency variable<$w).

The linear lumped parameter modglig. 1) represented the
apparent mass of the human body in several sitting body postu

and environmental conditions in three vibration directions: vertly 4 damping coefficients;, ,C) were evaluated for each model

cal (Z), fore and aft(X), and side to sideY). Using Fairley and gy, sing optimization technique with bounded constraints on
Griffin’s experimental protocol8,9], the following seated body %he parameters, setting them to have only positive values

postures and environmental conditions were simulated by t gb K(,Cy,C;>0). The initial values for the stiffness and

model: (i) reference body posturéij) backrest(iii) footrest, (V) yanning coefficients were approximated based on the experimen-
V|br_at|on magnltudes(\{) muscle contraction. The consistent exyy damped resonance frequencies and the corresponding apparent
perimental work of Fairley and Griffin offered the ideal baseling,»5 modulus. The optimization cost function was defined as the
for a comparison between ex_perlr_nental data and the NUMENEdst mean square of the difference between the experimental ap-
model simulations developed in this study. rent mass data obtained by Fairley and Grif9] and the

Edaclh aéds of_tfée appdarentfmhass xvas defin(;d by al wo DQfoel prediction in the frequency spectra of 0.25-20 Hz with a
model and was independent of the other two orthogonal @4gs esqution of 0.25 Hz. The final selected sets of the model param-

1). The masses used in the model werg;, representing UPPer gerq wyere those that minimized the cost function.
body; ms, representing the feet that were moved with respect to

the seat plate; anah,, representing the lower body which did not 2.2 Local Dynamics - Human BodySeat Contact. The

move at all with respect to the same plate. Similarly, the stiffnesentact between two deformable bodies is a three dimensional
and damping coefficientX, ,K;,C,,C;) were, like the masses, phenomena; however in a special case of the human body/seat
related to specific direction&, Y, Z). In cases where a footrestinterface, it can be simplified to be two dimensional one. A typical
was used and moved with the seat plate, a redundant model \reep of the contact force distribution generated between the hu-
sion was used by setting the masg and the viscoelastic ele- man body in a seated posture and a stiff seat that was measured by
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signature of the entire sitting area. This loaded strip, averaged in
the sagittal plane, was farther used by the model to simulate the
contact area.

The non-linear, two-dimensional, multi degree of freedom
lumped parameter modéFig. 3) had two components: the human
body, and the seat. The human body itself contained two sub-
systems. One subsystem simulated the global human dynamic re-
sponse, known as the apparent mass effect. The apparent mass
phenomenon was simulated by the lumped parameter model along
the Z axis detailed in section 2.1. Note thap and my, of the
global human dynamicg&pparent mass-Fig.) orresponded to
ms, andmyg; in the human/seat contact modEig. 3(a)), respec-
tively. The second subsystem was half of the symmetric human
pelvis above the loaded strif-igure 3a, b)). These two com-
bined subsystems came in contact with the second module of the
model representing the seat. Two seat options were exaniined:
bin Number- SIDE 0 a stiff seat pIate(F?g. 3((:_)) and (i) a composite flexible cushion

Pin Number - FRONT with different configurationgFig. 3(d—g)).
Based on the viscoelastic nature of both soft tissues and cushion

Fig. 2 Measured contact forces at the human /stiff seat plat

interface (CPD) representing as a 3-D meshed plot of the sitting materials, the Voigt modefla spring in parallel to a dampewas
area (Pins distance along the plate side is 16 mm and along the selected to simulate the mechanical behavior of the materials at
plate front /back is 12 mm ) the interfacd 18,19. Each column of Voigt model elements rep-

resented a contact area of 12 rarh6 mm. Those particular di-

mensions were selected based on the sensor size of the CPD in-

strument[10], which was one of the experimental systems used
the CPD, is shown in Fig. 2. This map could be divided into twor the model evaluations. The unloaded contour of the soft tissue
zones:(i) a low level zone which described the contact of thabove the loaded strip was representedbyhe soft tissue thick-
thighs, and(ii) two significant peak zones generated by the struaess, andi, the clearance between tissue and seat plaig.
ture of the pelvis, namely, the Ischial Tuberosities. Toaded 3(b)). These geometrical parameters were measured from a human
strip [12,18 is defined as the contact area, 48 mm wide whicpelvis cross-section obtained by X-ray imagifgl,16. The
included the Ischial Tuberosities region, where the highest contasasses of the cushionmg, ... ,m,) were represented in the
stress peaks are included, for representing the most significamddel by lumped masses. In principle, 26 different viscoelastic
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Fig. 3 The lumped parameter model of the human /seat contact with a two-layer composite cushion: (a) Lumped parameter
model, (b) Schematic geometry description of a typical human pelvis and soft tissue cross-section above the loaded strip
(Distance between pins-12 mm ). Cushion configurations-schematic representation of half cross section (C.L.-Center Line ):

(c) Stiff seat, (d) Flat homogeneous cushion, (e) Shaped homogeneous cushion, (f) Flat, two-layer heterogeneous cushion (2
materials ), (g) Shaped, two-layer heterogeneous cushion (2 materials ), (h) Flat, two-layer heterogeneous cushion (3 materi-
als), (i) Shaped, two-layer heterogeneous cushion (3 materials ), (j) Top view of upper layer three-material cushion.
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materials could be used for the two-layer cushion structure aatthe loaded strip under the pelvis were defined based on a typical

simulated by the model. However, due to practical design considuman pelvis/soft tissue geometﬂ/’iO(Dio) in Fig. 3b).

erations discussed in section 2.3, only three materials were se- ) ) ) )

lected for designing the cushion. 2.3 Cushion Design Goals. Two main design goals had to
The viscoelastic forces applied by each Voigt model elemeR€ achieved for the cushion to protect the human body in a vibra-

representing the human body’s soft tisség;(F;) and the cush- tion environment. The f|_rst_goal was to create, as much as pos-

ioning materials K ,N.;), were composed from the viscoelasticsible, a quasi-uniform distributed map of contact forces. In that

elements and shape function defining the boundary conditioay the cushion supports the human body weight, avoiding high

The elastic force componentB(; in Eq. 2, and the viscous force local pressure zones which usually generated at the pelvic

component F; in Eq. 3 of the i'th soft tissue Voigt element were structure/seat interface. The second goal was to control the reso-

defined as follows: nance frequency of the human body/seat system. By specifying
Fori=1,...,13 the viscoelastic properties of the cushion’s composite materials,
the displacements, forces, and therefore the energy being trans-
1 r ferred to the human body was attenuated at the human body reso-
Fi Oi( [TZI/TO} - ) (2)  nance frequency. In that way the cushion was acting as a mechani-
I

cal filter, absorbing part of the energy and protecting the human
F.—cAz ®) body from the external vibration environmd20].

o Different types of cushion setups-in terms of geometry and ma-
whereT? is the soft tissue thicknegsnloaded andF , r, c; are terial composition-were simulated and tested using the model
material constants. (e.g., flat and shaped homogeneous cushions Fige,3and flat

The elastic force component&; in Eq. 4 and the viscous and shaped heterogeneous cushions Fig—B(. The shaped
force componentsNy; in Eqg. 5 of the i'th Voigt elements repre- cushion geometry had an inverse duplication of the soft tissue
senting the upper layer 41, ...,13) and the lower layer (i contourin an unloaded condition. The top view of the upper layer
=14, ...,26) of the cushion with thickness afC,;, TC, re- of a cushion structured from three materials is depicted in Fig.

spectively. The material properties functiohg,y;) of s materi- 3(j). The motivation for using a two-layer shaped cushion com-

als were defined as follows: posed of three materials was to provide sufficient degrees of free-
Fori=1,....26 dom in terms of the design to achieve the design goals of over-
coming the complex anatomy of the pelvic structure and high
Az contact forces under the Ischial Tuberosities. The primary idea
Nki:fmam(ﬁ) (4) was to place the softest material of the three under the Ischial

1

Tuberosities region, where high contact forces developed. The

Noi=Nn Az ) hardest material was placed on the rest of the top layer to support
el eI A the reminder of the pelvic structure. The material with medium

The shape and constraint functions defined as unit step functigfiginess was used for the cushion’s lower layer, creating a dual

multiplied each one of the Voigt elements. The main idea behirigigion reaction and preventing contact with the stiff seat plate

the shape and constraint functions was to use them as virtdaderneath the cushion.

switches that turn on or off the continuous solution of the motion

equations according to the shape of the human body’s soft tisstle Resylts

and the cushion’s upper layer contour. The unit step function re-

turned a unit value during the entire contact process between th&.1 Global Dynamics - Apparent Mass. The human body

soft tissue and the upper layer of the cushion. The zero valire the reference sitting posture presented two heavily damped

indicated that no contact existed. In addition as constraint funesonance modes of vibration along the X and Y axes and a single

tions they imposed the fact that the cushion materials could omgsonance mode along the Z axisg. 4(a)). The main effect of

be compressed and not stretched returning a unit value duringha backrest was along the X and Y axes where it reduced the

compression process and a zero value in elongation. number of resonance modes from two to dféy. 4(b)). More-

The viscoelastic characteristics of the Voigt model elementwer, the resonance frequencies and apparent mass modulus with a
were based on indentation experiment measurements of the s@ftkrest were higher than corresponding parameters of the first
tissue at different locations along the loaded sfdf]. In addi- mode without the backrest. The minor effect on the apparent mass
tion, stress/strain experimental data of three commercial foam nadeng the Z axis was displayed as a small decrease in the apparent
terials, obtained by utilizing a rectangular 12 marh6 mm inden- mass modulus at the resonance frequency without any change to
tor moving at a strain rate of 37 mm/s, were further used fdhe resonance frequency itself. As indicated by the model param-
representing the Voigt elements of the cushionif. 3(d—i)). eter optimization process, the overall increase in upper body stiff-

To preserve the generality of the model, several parametersss and damping when a backrest was used, was simulated by
were defined as ratios. The partial mass of the human body abavereasing the values of the viscoelastic coefficiekts,Cy,) rela-
the loaded strip s, + M)s,) was defined based on experimentative to the parameters of the sitting posture without a backrest
measurement to be 60% of the total mpkk,16. The mass ratio (Table 1.

Mis1/Mis, was 7.6 [8]. For the viscoelastic parameters The greatest effect of footrest location in a sitting posture on the
(Kisp,Cisp) in Fig. 3@), the damping ratia¢) and the natural apparent mass was evidenced at low frequencies below the reso-
resonance frequency ) were selected as 0.475 and 5Hz, respecrance frequencyFig. 4(c)). At 1 Hz, when the footrest was lo-
tively [8]. The viscoelastic parameters of the soft tissue were seated at its highest position, the apparent mass approximately
lected as follows:Fy=10N (for i=1,...,58...,13), Fy equaled the static weight of the subject on the sitting platform. As
=50N (for i=6,7), C;=50 Nsec/m(for i=1,...13), andr the footrest moved to its lowest location the value of the apparent
=0.4[11,1€. These parameters were selected by fitting Egs.Bass halved relative to the previous case. An inverse effect, how-
and 3 to data obtained from the vertical soft tissue indentati@ver minor in its magnitude, was exhibited at frequencies above
experiment performed at various locations along the loaded stripe resonance frequency. As a result of the model parameter opti-
The viscoelastic parameters of the cushion materials were baseidation process, the major effect of stiffening the thighs, as the
on a specific selection of commercial cushioning materials. THeotrest was lowered, was simulated by increasing the values of
mass of each cushion component in the model was correlated wittle viscoelastic coefficient¢,Cs), which represent the lower

a piece of material with a dimension of X26X L mm, where L legs in the model. When the footrest was removed completely, so
was the local cushion thickness. The soft tissue parameters locéteat the feet hung freely, a general increase of the apparent mass
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Table 1 Apparent mass model parameters- m [Kg], K[N/m], and C [Ns/m].

Effect Parameter Axis my, m, ms; Ko Chi Kyi Cyi
Reference 1mfs X 22.8 6.0 22.8 506.3 51.3 5625.6 508.5
1mig Y 22.8 6.0 22.8 506.3 75.2 3600.4 567.2
1 m/é z 45.6 6.0 / 45005.3 1360 / /
Backrest 1 mb X 22.8 6.0 22.8 11723.7 447.8 15606.2 516.6
1m/g Y 45.6 6.0 / 3271.1 289.6 / /
1 m/g z 45.6 6.0 / 49789.4 1779.6 / /
Footrest Height 0 CnfUnsupported 4 45.6 6.0 115 44947.0 506.0 2000.0 151.6
0 cm (Touching z 45.6 6.0 / 44947.0 800.0 2000.0 151.6
4 cm VA 45.6 6.0 / 44947.0 800.0 1285.0 121.5
8 .cm Z 45.6 6.0 / 44947.0 800.0 752.0 92.9
12 cm Z 45.6 6.0 / 44947.0 800.0 472.0 73.6
16 cm Z 45.6 6.0 / 44947.0 800.0 150.0 41.5
20 cm z 45.6 6.0 / 44947.0 800.0 0.0 0.0
Vibration Magnitude 0.5 mfs X 22.8 6.0 22.8 506.0 51.0 11026.0 771.0
2 m/s X 22.8 6.0 22.8 506.0 51.0 2025.0 305.0
0.5 m/g Y 22.8 6.0 22.8 506.0 75.0 9507.0 89886.0
2 m/g Y 22.8 6.0 22.8 506.0 75.0 1406.0 13296.0
0.25 m/g z 45.6 6.0 / 75521.0 1762.0 / /
0.5 m/g Z 45.6 6.0 / 56959.0 1532.0 / /
2 m/g Z 45.6 6.0 / 37894.0 1248.0 / /
Muscle Tension Slouched Z 45.6 6.0 / 40960.0 1325.0 / /
Normal Z 45.6 6.0 / 45005.0 1360.0 / /
Slightly Erect z 45.6 6.0 / 53470.0 1436.0 / /
Erect z 45.6 6.0 / 62665.0 1453.0 / /
Very Erect z 45.6 6.0 / 66328.0 1443.0 / /

was seen in all the frequency spectra. This phenomenon was sithady along the vertical axis. For each point at the same lateral
lated by adding the mass of the feehy) allowing it to move distance, the dynamic contact force at the resonance frequency
freely relative to the seat plat&able 1. was about 1.5 times greater then the static contact force. For fre-
The effect of the vibration magnitudes on the apparent massaiencies above 8 Hz, the contact forces had lower values com-
a seated human body was exhibited as an overall stiffness gared to the static conditions and further decreased as the input
crease of the system as vibration magnitudes increased. Thsquency increased.
phenomena were axes-dependent; however, they were manifestethe influence of cushion shapes and materials composition on
as a resonance frequency shift toward lower frequencies as vibcantact force distribution at the human body/seat interface was
tion magnitudes increase(ig 4(d—f)). The resonance fre- studied using different cushion setups. Experimental stress-strain
quency shift while maintaining the same modulus at that poidiagrams for three commercial foamy rubber-like materials se-
was simulated by decreasing the model paramé€ersC; (X, Y
axis) and K, Cy (Z axis9 appropriately as the input vibration
magnitude increase@able 1. Although a linear model was used, 18
the relationship between the input vibration magnitudes and tt
model parameters was nonlinear. 16
The level of muscle contraction adopted by the subjects dete
mined the overall stiffness of the entire body. The resonance frc 141
guency and the apparent mass modulus increased as muscle ¢
traction became more eredfFig. 4(g)). For simulating this 12
phenomenon the model parameter optimization process indicat
that the elastic coefficier, had to be increased associated with Z |
decreasing the damping ratio of the upper b¢tigble 1.

Force

8
3.2 Local Dynamics - Human BodySeat Contact. Model
simulation results and the experimental data obtained by usingt
CPD method in static conditions are depicted in Fig. 5. The stati
vertical contact force distribution at the interface between the sa 4
tissue and the stiff plate under the loaded strip represented by t
model simulation was in the range of upper and lower accurac 2

limits of the experimental measurements marked by the error bai -
A high contact force zone noted by the peak was generated due  ° =
the pelvis anatomy and the thinner layer of soft tissue under tt 0 2 40 Dista 6°F 08? U 1C°E 120 140 160
Ischial Tuberosities. A relatively thick layer of soft tissue pro- ioance From Genter Line (C.L) fmml
duced evenly distributed contact forces at the rest of the interfa ATz, IR
area. —o—Flat - MAT 1,2,3 —e—Shaped - MAT 1,2,3
In dynamic conditions, the maximum vertical contact force dis- o Flat - Siiff (Exp.) = Flat - Stiff (Mode)

tributic_)n was pIc_)tted for different input vibration frequencies OI:ig. 5 Static contact force distribution of the loaded strip in-

the jstlff.plate (Fig. 6(@)). The peak zone of the contact fo,rceterfacing with a stiff and various configurations of flexible

dIStI’IbUtIOI’l, Created by the |SChlum bone, was I’lOtab|e fOf a“ |npuﬁsh|ons as pred|cted by the model. The experimenta| data ob-
vibration frequencies. The peak zone in the frequency domain Waged by the C.P.D. are plotted for the stiff seat only. The error
at 4.25 Hz, indicating the resonance frequency of a seated huntars define the accuracy range of the experimental data.
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Fig. 6 Dynamic vertical contact force distribution of the human pelvis (loaded strip ) interacting with a stiff seat interface  (a),
and a composite, two-layer flexible shaped cushion (b)

lected to construct the cushion are plotted in Fig. 7. The maximuiayer were constructed from the material with the highest stiffness

vertical contact force distributions generated while the human pé€MAT1). The cushion materia]MAT3) with a stiffness value in

vis loaded strip was interacting with various cushion configurdbetween the upper layer materidldAT1, MAT2) was used for

tions are plotted in Fig. %static conditions and Fig. &b) (dy- the lower layer.

namic conditions for the cushion defined by Figi)B The static Comparing the dynamic vertical contact force distribution gen-

contact force distribution was divided into three pairs of typicarated between the human body loaded strip interacted with two

diagrams. Each pair represented the interaction with two cushiartional seats-a stiff seat plat€ig. 6(a)) and a composite two

composed of the same materials but with a different structure, flayer cushion(Fig. 6(b)) indicated that for any given input fre-

or shaped(Fig. 5. For each of these pairs, the vertical contaajuency in the range of 0-20 Hz, the contact forces were much

force distributed more evenly for the shaped cushion then for theore evenly distributed and had lower magnitdf#etor of 3.5 at

flat one. Lower contact forces were applied on the soft tissue the peak zong for the composite cushion relative to the stiff seat.

the zone of about 120 mm from the center line in the laterdMoreover, the resonance frequency was lowered from a peak

direction when a shaped cushion was used. value of 4.5 Hz for the stiff seat to 2 Hz when a composite cush-
From the materials point of view, heterogeneous cushions coutth was used.

evenly distribute contact forces. The best result from the cushion

configurations tested was achieved by a shaped, two-layer cushion )

composed of three materialBig. 3(i)). The cushion material un- 4 Conclusions

der the Ischial Tuberosities, where the peak zones of the verticalrhe main objective of this study was to develop a multi DOF

contact forges appeared, needed the lowest stif'fne.ss out of ﬁh‘ﬁ‘nped parameter model of the human body in a sitting posture,

three material§MAT2). The other zones of the cushion’s uppefncorporating global dynamics in terms of apparent mass and local

dynamics of the body/seat contact interaction. This model was

further used for simulating different vibration axes, body posture,

x1o* seat configuration, and input vibration magnitudes. Moreover,

simulating the contact force distribution at the human/seat inter-

al | face with various cushion configurations provided guidelines for

designing cushions from the materials composition and structural/
geometry perspective.

The parameters’ optimization of the first subsystem of the multi
DOF lumped parameter model, representing the apparent mass
phenomenon of a seated human body, was based on the experi-
mental database of Fairley and Griffi8,9]. The experimental
measurements of a seated human body apparent mass in the ref-
erence posturg¢8,9] suggested that the first mode of vibration
appeared to arise from a motion of the whole upper body and the
second mode of vibration arose from the horizontal response of
the musculo-skeletal system, in which buttocks and the hips were
out of phase with the shoulders. The model along the Z axis that
was based on the 60 subjects datalj@$simulated correctly the
extended experimental data, with a resonance frequency at 4.25
Hz and a normalized apparent mass modulus factor of 1.5 with
respect to the static mass on the sitting platform at the resonance

Stress [Pa)

0 a1 0.2 03 04 05 06 07 a8 09 1 frequency
Strai o i
e Experimental measurements with the backrest suggested that
Fig. 7 Stress-Strain diagrams of the composite cushion com- the seated body had only one mode of vibration. The effect of the
ponent - experimental data backrest was particularly pronounced in the X directioh As
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seen in the experimental results, the major effect of the backre 0035 -
was well expressed in the model by a significant increase of tt
viscoelastic parameter of the X direction relative to other vibra
tion axes(Table 1. Moreover, the apparent mass modulus along
the Z axis simulated by the model was smaller than the exper
mental results. This was done in order to maintain consistenc 0925
with the findings of the reference posture. The model parameteg
were selected to preserve the same ratio between these two
mains with and without the backrest.

The experimental resul{8] showed that the greatest effect of £
the footrest position was at low frequencies, whereas minor e§ 0915
fects were shown at frequencies above 10 Hz. For the footreg
position in the range of 0—20 cm, the model simulations were il
substantial agreement with the experimental results. However, tl
model was found to be limited in representing the experimente
results in the frequency range of 0—1 Hz. A local minimum pre- 0.005 1
dicted by the model at that frequency range did not exist in th
experimental dat&for details, se¢9]). Another limitation of the 0,000 ‘ ‘ ‘ N ‘ N
model was inability to represent the effect of the footrest in an 0 20 40 60 80 100 120 140 160
pOSitiOl"l out of the 0—-20 cm range. Distance From Center Line (C.L.) {mm]

The subjects exposed to vibration magnitudes in the range
0.25—2 m/é were using their lower back muscles to control the
movement of the upper bodB]. The main phenomenon of de-Fig. 8 Comparison of the static vertical contact stress distri-
creasing human body stiffness to cope with increasing vibratidation at the human body /composite flat cushion interface be-
magnitudes could be seen clearly in the second mode of vibrati@gen Ilumped parameter model  (LPM) and Finite Element
of the X and Y axes and in the first mode of the Z axis. Both th@nalysis /Model (FEA).
experimental and the model simulation results indicated that the
stiffness of the musculo-skeletal structure is selective and nonlin-
ear with respect to the input vibration magnitude. a two-layer shaped geometry cushion built from three materials.

The experimental dat8] and the model simulation indicated The basic consideration for this development was the principle of
that the change in the resonance frequency caused by the mus&éorm contact map. A composite cushion as a contact interface
tension for an extreme range of voluntary muscle contraction le¢ould cope with the unique anatomy of the human body exposed
els was only 1.5 Hz. The experimental results indicated that tk & demanding vibration environment. .
resonance peak became broader, and the value of the resonand&€ immediate application of the model is as a design tool for
increased as muscle contraction became more erect. The méHfyeloping human body protection devices. Whether the final
simulated correctly the major effect of increasing both the resBroduct is a cushion, or a seat with a shock absorber, the ability to
nance frequency and the apparent mass at the resonance frequélieylate the system using the human body’s apparent mass model
as the level of muscle contraction increased. However, the modlarious conditions may focus the development processes on the
failed to simulate the minor effect of the resonance peak thdesign procedure. The product's performance could be evaluated
became wider as muscle tension increased. On the contrary, asihdising the model developed in this study to reduce the experi-
damping ratio of the upper body decreased, the resonance redigntal work needed in the preliminary design stage.
became narrower.

Based on the model simulation and the extensive comparisonAeknowledgment

experimental databases, using a low number of DOF was found Brofessor Mircea Arcan deceased on June 15, 2000. | thank him

be sufficient for simulating the major global apparent mass eff o P h . .
of a seated human body. One might claim that a more compelt%’r::g;tll?govv\cltgdgg candle of wisdom my dark ways in the king

model is needed. However, the variability of body dynamics

among the subjects examined experimentffy9] showed that
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