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This paper determines the parameters of the
interaction models based on available published
experimental measurements. The masses, damping
ratios and stiffnesses of body models are identified
by the curve fitting of the measured apparent mass
curves from shaking table tests in published
biomechanics studies. Then the extracted data are
used to identify the parameters of the interaction
models. Finally, the eigenvalue analyses of the
human-structure models are calculated for
comparison. In this identification process, it was
identified that the quality of the curve fitting for the
interaction model is as good as and even slightly
better than the published results. One or two
additional conditions for the interaction models
would lead to several sets of parameters, but with
the result of the continuous model, reasonable
parameters have to be applied which can be
identified and these parameters could be used in
further calculations.

1 Introduction

In recent years, the span lengths of new constructions
have been gradually increasing. Also, higher-strength
and lighter-weight construction materials have been
used in many new structures. As a result, the natural
frequencies of the structures reduce to the point
where the resonant or near-resonant vibration may be
induced by human actions and this, in turn, can lead
to unacceptable levels of vibration. Consequently,
human-structure interaction needs to be considered
when designing new structures excited and/or
occupied by people. To research this project, it is
important to use an appropriate model of the human
body in the study.

The human body can be modelled in various ways
with five representations being considered here:

1. Biomechanics models that were developed based
on the results of shaking table tests;

2. Conventional models that were developed based
on a fixed base and often used in structural vibration:;
3. Interaction models that were developed based on a
vibrating structure;

4. Continuous models that describe a standing person
using continuous stiffness and mass functions;

5. Higher degree of freedom models that require a
finite element solution.

This paper uses four biomechanics models (Model
1a, Model 1b, Model 2c and Model 2d) that were
developed by Matsumoto and Griffin [1]. The
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difference between the two models is that Model 1a
had a massless support at its base, whereas the bottom
structure in Model 1b had a mass M.

Another two models have been developed from the
SDOF model. The kind of connection between these
2DOF models is that the second DOF is completely
independent of the first DOF. The support structure
in Model 2c had no mass, whereas the support
structure in Model 2d had a mass M.

Biomechanics researchers have usually obtained
dynamic characteristics of the human body
experimentally by placing a person on a shaking table
in laboratory conditions. The experimental data were
then used to calculate apparent mass M(f) [2]. By

curve-fitting to the apparent mass, the dynamic
properties of the biodynamic human models were
identified [3].

Matsumoto and Griffin studied the apparent mass of
standing human bodies on a shaking table that was
subjected to vertical vibration from a 1-m stroke
electro-hydraulic vibrator [3]. 12 male subjects were
subjected to random vertical vibration in the
frequency range between 0.5 and 30 Hz at vibration

magnitudes between 0.125 and 2.0 ms™ r.m.s. It
was found that the resonance frequency of the
apparent mass in a normal posture decreased from
6.75 Hz to 5.25 Hz when the vibration magnitude

increased from 0.125 t0 2.0 ms~2 r.m.s. Their further
work provided discrete models to represent a
standing person, including two SDOF models, two
2DOF models, and two other models, each consisting
of two SDOF systems [1]. The parameters for the
models were determined by comparing the measured
and calculated apparent masses.

Two interaction models are used in the following
sections. The derivation of these models is
represented in detail in section 3 [4, 5].

Based on an anthropomorphic model, a continuous
human body model including seven segments of a
standing human body is developed [6]. The two
stiffnesses of the upper and lower body are identified
using two available measured natural frequencies of
a standing body. The modal properties of the standing
body are also determined and linked to those of
discrete body models [6-9]. To help understand the
model of a standing human body in vertical vibration,
parameters of the continuous model need to be
determined correctly. In this paper, the parameters of
the body model are determined using available
published experimental measurements. Section 2
provides the method and criteria for the parameter

identification. Section 3 identifies the parameters of
the interaction model. A comparison of human-
structure models is given in Section 4. Section 5 gives
the concluding remarks and summarizes the findings
from this study.

2 Verification of the method

The parametric identification method proposed by
Matsumoto and Griffin is tested here to determine the
basic parameters of Model 1a, 1b, 2c, 2d [1].
Optimised parameters are obtained by a non-linear
parameter search method, based on the Nelder—Mead
simplex method, which is provided within MATLAB
(MathWorks Inc.). The Nelder-Mead method is a
commonly used nonlinear optimization technique,
which is a well-defined numerical method for twice
differentiable problems. The initial values of the
natural frequencies were selected as 3, 4, or 5 Hz for
one of the mass-spring systems, and 10 or 15 Hz for
the second mass-spring system. The selection of
different initial parameters in the parameter research
results in the same sets of optimum parameters for all
the models.

The apparent mass for the four models is:

Model 1a;
) M, (iC,w+ K
My (i) = — (€10 + o) %)
(M0 +iCiw + K;)
Model 1b:
My () = — 0G0t K)oy )
(-My0° +iCw +K;)
Model 2c:
) M, (iC,ow+ K
MZC(Iw): 1(2 1. l)
(-M0° +iCio+K;) @)
M, (iIiC,o+K,)
(-M,0® +iCom + K,)
Model 2d:
Myq (iw) =My + Mg (4)

The apparent masses are calculated using Eq. 1~4 for
each of the four models were compared with the
measured apparent mass curve of standing subjects.
The results demonstrate that the method presented is
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valid which will be used for identifying the
parameters of the interaction models [1].

3 Parameter identification for the
interaction models

3.1 Model 1c

The parameters of the interaction model are

identified in this section.

The differences between Model 1b (Fig. 1(b)) and

Model 1c (Fig. 2(a)) are:

= A mass device is present in Model 1c with a value
of My; —Myq; , Which is defined in Section 2.2.

» The sum of the top and bottom masses equals the
total body mass in Model 1c, while the total mass
in Model 1b is 0.0955+0.955=1.05 times the body
mass.

The apparent mass of Model 1c, the interaction

model, can be given theoretically using complex

functions in a similar form to those for Model 1a, 1b,

2c and 2d.

The basic equation of motion of Model 1c:

MHl_MHHjHX‘S}
Mp1—Mun My L%
C -C X
of " {}+ (5)
—Cu G K
Kn =Ky x| [P
-Ky Ky |lx] | o

Equation 5 can be written as:

|:MHO+MH11_2M1

(Myo + Mgy —2Myy; )%
+(Mpp =Mp1p) % = Chy (% — %) (6)

(Mpz =My )% + Ky (%= %)

(")

Adding Equation 7 to Equation 6, and dividing both
sides of the equation by X, gives:

Equation 7 can be rewritten as follows:

~M 02 Ae'™ +iCy wAe'™
Ky A = (M~ Myy)o’Be' " (9)

+iCy, Be'™ + K, Be'*
The absolute motion is:
% = Ae'™ xs = Be'™* (10)
Substituting Equation 10 into Equation 9 gives:

~M 02 Ae'™ +iC, wAe'™
+Ky A" = (M — My, ) 0?Be'™  (11)

+iCpy wBe' + K, Be'™

Equation 11 can be re-arranged as:

) (12)
_(Mps =My )o” +iCl+ Ky,
~My0® +iCho+ Ky
Myc (io) =
2 -
Mz ((Muy=Mps) @ +iCho+Kyy ) )
(-Mype® +iCo+Ky)
+Mpyo—Mpy
Ky = MH11(2ﬂ'f1)2 (14)
Ch =28Mp (27 1)) (15)

Substituting Equation 14 and 15 into Equation 13
gives:
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Mic (iw) =

M1 (My — MH11)(27Tf)2

(~Mp11 (27 £)? +125M 13 (27 F41) (27 F) + Mg (27 1))
+H26 My (27 fn) 27 F) + My (27 1))

(16)

+ +
(~My 27 )2 +i2EM 1 27 f) (27 ) + M1, (27 fiy0)?)

Wei and Griffin suggest that the reason why the non-
vibration mass M, contributes only mass is that it

represents the effect of other models that are above
the frequency range of interest ', To determine the
parameters, My, must be hypothesized. As

M. (iw) isthe normalized mass, M, =1. There are
four unknown parameters My, My, / My1q, &1
fy, In Equation 16. The Case 1 is considered
following the same treatment of Matsumoto and

Griffin [1].
Case 1: M, —M,,, =10%M,,,
If the bottom mass M, — M, is assumed to be

Muy

M Hl((
|\/IHll

Mo —Muy

10% of the upper mass My, , which follows the

treatment of Matsumoto and Griffin, the parameters
are as shown in Table 1.

Using these parameters, the first diagonal element in
the mass matrix in Equation 5 becomes

Mpo + My —2Myy,;

=1+0.7933-2 x 0/9090=-0.0247<0.

Physically the diagonal element in the mass matrix
should be positive. Hence this is not a valid case.
Due to the invalid results following the treatment of
Matsumoto and Griffin, a new treatment is suggested
here. Both the numerator and denominator of
Equation 16 are divided by My, , Equation 16

becomes:

~)(r f)? 128,27 fup) @7 f) + (27 F4)?)

Mic (iw) =

There are four unknown parameters My, /Myqq,
My1, &u1, fug in Equation 17.

It is noted in the identification, that the results are
dependent on the initial values of M;; and M ;. If

&y and fyy, are given before the identification, the

number of unknown parameters in Equation 17
Table 1. Identified parameters of Model 1c for case 1

(~(2r1)* +i284,n fyy) (27 f) + (27 F40)%)

+1- My, 17)

reduces from four to two, but the identified results are
still dependent on the initial values of My,; and

My - When the ratio My, /Myq; is given, the

results become stable and do not change with the
initial values M, andM 4.

Ky Cy My, My le Shi
M,,—M,,=10%M ,, 1052 | 41.5 | 0.9090 | 0.7933 | 5.80 | 0.7176
The apparent mass of model 1b can be rewritten as follows:
My (i) Ml(iszl(Zﬂle)(ZEf)+(27TfH1)2)
)=
. (—(27rf)2 + ingl(z;erl)(zﬂf)+(27sz1)2) ° (18)

Comparing Equation 17 and 18, it can be noted that
an additional item, (M, /My —1)(Q27f)?, is
present in the numerator in Equation 17. When the

ratio My, / My, is given, the format of the two

equations becomes the same. This may explain the
reason why the identified results are not stable unless
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the ratio M, / M4, is given.
Case 2: The ratio of M; /My, is given in the

range of 1.1 and 1.8.
Several trial ratios M, / My;, between 1.1~1.8

Table 2. Identified parameters of Model 1c for Case 2

are given for the identification process. The ratio of
My1/Myq;=1.36 is also included, which is based
on the continuous body model [4]. The identified
parameters of the interaction model are provided in
Table 2 for the given ratios of M,/ Myq; -

My /My KH CH I\/IHl Ilell le éHl MlillMHll
1.8 426 16.8 0.579 | 0.321 | 5.80 | 0.717 1.04
1.7 478 18.8 0.613 | 0.360 | 5.80 | 0.717 1.04
1.6 539 21.3 0.651 | 0.409 | 5.80 | 0.717 1.04
15 614 24.2 0.694 | 0.463 | 5.80 | 0.717 1.04
14 705 27.8 0.744 | 0.531 | 5.80 | 0.717 1.04
1.36 747 29.4 0.766 | 0.563 | 5.80 | 0.717 1.04
1.3 817 32.2 0.801 | 0.616 | 5.80 | 0.717 1.04
1.2 959 37.8 0.868 | 0.723 | 5.80 | 0.717 1.04
1.1 1141 45.0 0.947 | 0.861 | 5.80 | 0.717 1.04

Figure 1 compares the measured and identified
normalized apparent mass and phase against
frequency of Model 1b and 1c, where the solid lines
indicate the measurements and the dashed lines
indicate the theoretical predictions based on the

identified parameters when M,,, /M,,,, =1.36.

The results in Table 2 and Fig. 1 show that:
= The first natural frequency f,,; and the damping

ratio of &, the interaction model does not change
with the ratio M,,, /M, -

= The parameter M,;? / M,,,; is a constant (1.04),
when M,,/M,,, is changed during the
identification.

The model parameters, natural frequencies and

damping ratios, were optimized through minimizing

the following error function:

2

err = \/%Zn]Mm(iAf )-M(Af)  (19)
i=1

where M, is the measured apparent mass and M,
is the calculated apparent mass, Af is the frequency

increment and 0.1 Hz is taken in the curve fitting
process.

Table 3 summaries the identified results of Model 1b
and Model 1c separately.

n

Normalized
apparent mass
=

i L L i i i i
B g 10 12 14 16 18 20
Frequency (Hz)

=11 S

Phase (degrees)

i & F & o E W R &
Frequency (Hz)
a) Model 1b

Normalized
apparent mass

i i i i H i i i i
o 2 4 B 8 10 12 14 16 18 20

Frequency (Hz)

Phase (degrees)
/;/

=)
=]

2I ; IIS é 1b 1‘2 1‘4 1‘5 18 20
Frequency (Hz)
(b) Model 1c M, /M,,,, =1.36

Figure 1. Comparison of the normalized apparent
masses and phase between Models 1b and
1c

The results in Table 3 show that:

= The frequency ratio for the continuous body model
is the smallest among the four models and is closest
to the ratio of the measured natural frequencies [4].
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The continuous body model has the same
fundamental natural frequency as the measured one
while its second natural frequency is 10% larger
than the measurement. f,; of Model 1c is smaller

than fy, of Model 1b while &, of Model 1c is
greater than &, of Model 1b.

= The interaction model (Models 1c) provides
smaller fitting errors than Models 1b, which may
indicate that the interaction model is a more
appropriate representation of a standing human
body than Model 1b.

= As Model 1b and 1c are physically different, it is
expected that the basic parameters of the two
models would have some differences although they
are determined from the same sets of
measurements.

= The mass device in Model 1c decreases the natural
frequency, and increases the damping ratio of the
human body model, because this is the only
difference between Model 1b and 1c.

Mu

M ((
M2 (iw) = by

Table 3. Identified parameters of Model 1b and 1c

f, (H2) Ein error
Model 1b 5.87 0.612 1.2771
Model 1c 5.80 0.717 1.0164

3.2 Model 2e

The differences between Model 2e and Model 2d are:

= The first mode of vibration of the standing body is
dominated by the upper part (head neck, upper
torso and central torso) of the body. Two mass
devices are presented in Model 2e with a
magnitude of M, —Myy; and My, —Myo,
respectively.

= The sum of the top and bottom masses is M,
=1.0, in Model 2e, while the total mass in model
mass in Model 2d is 0.0909+0.655+0.254 =0.9999.

= Following the same method presented in Section
3.1, the apparent mass for Model 2e is:

~D(@rf)? +i2é (2 fyy) (27 F) + (27 fyp)?)

(—(2rt)? +i284, (27 f) @7 f) + (27 1))

My,
Mho2

M2 ((

(20)

~D(@rt)? +i28,27 fy)@r f) + (27 fy,)?)

(~(271)? +i28,(2n fp)@n ) + (27 1))

Following the same identification process as Model
1c, 3.2% of the total mass is assigned to the bottom
mass in the parameter identification, i.e.
Myo—Mys —My, =32%My, for model 1c or

+1-My; —My;

Mpo+My11+Mpo —2Myy; —2M 5, =3.2%M
for Model 2e, it is found that the identified results are
not in a reasonable range.

The apparent mass of model 2d can be rewritten as follows:

M, (i264, (27 fyy) (27 F) + (27 £40)°)

Mg (i) =

(—-(2r 1)? +i25 27 fiyy) 27 f) + (27 fiy1)?)
M, (12842 (27 1) (27 F) + (27 F1y5)?)

(21)

(~(2n)? +i28, (27 fp) @7 ) + (27 fp)?)

Comparing Equation 20 and 21, it can be noted that
two additional items, (M,; /My —D)27f)? ,

My, /My, —1)(27)%, are present in the

numerator in Equation 20. When the ratios
My, /My, and My, /My, are given, the

format of the two equations becomes the same.

Case 1: Let My, /M y;;,=1.36, My, / M,,=0.61
based on the continuous body model 1, the identified
results are shown in Table 4.

The bottom mass becomes My,—-My;—My,
=1-0.484-0.562=-0.046<0.

Physically the value of the bottom mass should be
positive, hence this is not a valid case. But the same
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phenomena can be observed as for Model 1c. The
parameters M,;/My;; and My, /My,, are

constants (0.66 and 0.34), when My, /My, and
My, / My,, are changed during the identification
process.

Therefore, the two parameters M, /M, and
My,% / My, are identified. So the parameter can
be calculated by giving either, M, and M, or,

Table 4. Identified parameters of Model 2e

Mygg and My
Case 2: If M;=0.533, M;,=0.296, based on
the continuous body model™, the identified results

are shown in Table 4.
For Case 2, M,(0.296) > M ,,(0.256) , which is

different from the characteristics of the continuous
model, i.e. My, should be smaller than M, .
Hence it is not a valid case.

Case 3: If M,;,=0.391, M,,, =0.487, based on the
continuous body model™, the identified results are
shown in Table 4.

M, My le St My, My 2 sz Sho
Casel | 0.484 | 0.356 | 5.78 | 0.369 | 0.562 | 0.921 | 13.2 | 0.445
Case2 | 0.533 | 0431 | 5.78 | 0.369 | 0.296 | 0.256 | 13.2 | 0.445
Case3 | 0.507 | 0.391 | 5.78 | 0.369 | 0.409 | 0.487 | 13.2 | 0.445
15

Morrmalised apparent mass

20

Phase(degrees)

10

0 2 4 g g 16
FrequencyiHz)
a) Model 2d

—_

o
5}
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i
12

L=}

Phase{degrees)

-100 :

oy

0 2 g 10 12
Frequency(Hz)
b) Model 2e

Figure 2. Comparison of the normalized apparent masses and the phase between Models 2d and 2e

Table 5. Identified parameters of Model 2d and 2e

f f
(FT;) $n (Hsz) $up | error
Model 2d | 5.88 0.364 | 135 0.330 | 0.1573
Model 2¢ | 5.78 0.369 | 13.2 0.445 | 0.0595

For case 3, Fig. 2 compares the measured and
identified normalised apparent mass and the phase
against frequency of Model 2d and 2e, where the

solid lines indicate the measurements and the dashed
lines indicate the theoretical predictions.
The results in Table 5 and Fig. 2 show that:
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* f;; and f,, of Model 2e are slightly smaller
than those of Model 2d, while &, of Model 2e is

greater than that of Model 2d.

= The dynamic properties of Models 2d obtained
from Equations 4 are the same as that quoted from
[3], which verifies that the curving fitting
procedure and equations used in this study are
correct.

» The interaction model (Models 2e) provides
smaller fitting errors than Model 2d [1], which may
indicate that the interaction model is more
appropriate representations of a standing human
body than Model 2d.

= As Model 2d and 2e are physically different, it is
expected that the basic parameters of the two
models would have some differences although they
are determined from the same sets of
measurements.

4 Comparison of the Human-Structure
Models

It is necessary to assess whether parameters of the
human body models, Model 1c and Model 2e are
correct. For verification, the continuous body model
[1]and the two newly derived models (Model 1c and
Model 2e) are placed on a SDOF structure model to
form human-structure models as shown in Fig. 3.
The eigenvalue analyses of the human-structure
models are calculated for comparison.

The human-structure models in Fig. 3 are explained
as follows with each model being placed on the same
SDOF structural model:

H-S Model 1: The continuous human body has seven
different mass densities distributed over the height of
the body. The two axial stiffnesses are assigned to
the continuous body model [1] as shown in Fig. 3a.
The stiffness k;=134.9 kN/m is assigned to the four
lower parts while k,=24.01kN/m is assigned to the
three upper partsf,

H-S Model 2: Model 1b using the parameters
determined by Matsumoto and Griffin [1].

H-S Model 3: Model 2d using the parameters in
determined by Matsumoto and Griffin [1].

H-S Model 4: Model 1c using the parameters in
Table 2.

H-S Model 5: Model 2e using the parameters in
Table 4

The four body models in the last four H-S models are
all abstracted from the same measured apparent
mass. In the analysis, the parameters of the SDOF
structure model are altered to obtain particular values

M M, "
. i K, i M -Mpy, ik
< 3 K, ¢
M, | Meo-Men
| M, | | M; |

(c) H-S model 3 (d) H-S model 4

Me-Miz; L[ qurHQ

Men-Mz
ﬁ Coy RH%L#’EIJ
My Mo-Mo [
% e

(e) H-S model 5

Figure 3. Human-structure models with different
body models

of the ratio of the total body mass to the modal mass
of the SDOF structure, =M,/ Mg, as are the

values of the ratio of the fundamental natural
frequency of the human-body to that of the SDOF
structure g = fy,/ fg. Choosing n = 0.01, 0.1 and

1.0and f=0.5, 1.0 and 2.0 gives nine combinations.

The eigenvalue analysis of H-S Model 1 (Model 3 on
a SDOF structure) is conducted using ANSY'S, while
the natural frequencies of the other H-S Models are
solved based on the exact mathematical expressions.

4.1 Comparison between the same Human-
Structure Models using different parameters

As mentioned in Section 3.1 and 3.2, in order to
know the effect of the different parameters, the three
natural frequencies of H-S Models 4 and 5 with
different parameters are listed in Table 6.

The comparison of the results in Table 6 shows that:
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=When 7 is very small (7= 0.01), there is little

difference between the natural frequencies of H-S
Models 4 and 5.

»When 7 is small ( »= 0.1), the corresponding
natural frequencies of H-S Models 4 and 5 are
similar.

=When 7 is large (7= 1.0), the difference between

of H-S Model 4 and 5 becomes slightly larger when
the order of the natural frequency increases.

= The three natural frequencies of H-S models 4 and
5 are unchanged with the different parameters
based on the identified results.

Table 6. Comparison of the first three natural frequencies of a human-structure model using different body

models
n 0.01 0.1 1
Human-Structure f
Models S 3 6 12 3 6 12 3 6 12
(H2)
Fundamental natural frequency
Casel | 298 | 560 | 579 | 282 | 5.04 | 571 | 2.05 | 3.66 | 5.10
H-S Model 4
Case2 | 298 | 560 | 579 | 282 | 5.04 | 571 | 2.05 | 3.66 | 5.10
Casel | 298 | 563 | 577 | 283 | 515 | 572 | 2.07 | 3.78 | 5.26
H-S Model 5 Case2 | 298 | 563 | 577 | 283 | 515 | 572 | 2.07 | 3.78 | 5.26
Case3 | 298 | 563 | 577 | 283 | 515 | 572 | 2.07 | 3.78 | 5.26
Second natural frequency
Casel | 584 | 6.22 | 120 | 6.18 | 6.92 | 122 | 8.69 | 9.72 | 139
H-S Model 4
Case2 | 584 | 6.22 | 120 | 6.18 | 6.92 | 122 | 8.69 | 9.72 | 13.9
Casel | 581 | 6.14 | 119 | 6.01 | 659 | 114 | 7.09 | 762 | 9.94
H-S Model 5 Case2 | 581 | 6.14 | 119 | 6.02 | 6.60 | 114 | 7.09 | 7.62 | 9.95
Case3 | 581 | 6.14 | 119 | 6.01 | 659 | 114 | 7.09 | 762 | 9.94
Third natural frequenc
Casel | 132 | 132 | 133 | 134 | 135 | 141 | 156 | 159 | 175
H-S Model 5 Case 2 13.2 | 13.2 | 133 134 | 135 | 141 | 156 | 159 17.5
Case 3 13.2 | 13.2 | 133 134 | 135 | 141 | 156 | 159 17.5
For H-S Model 4, the equation of motion is:
|:MS+MHO+MH11_2M1 MHl_MHM:HUs }
My =My | Mg Uz 22)
N Cs+Chy —Cus {Us }+ Ks +Khr —Kpg {US }_{0}
—Cy Chr | (Uns —Kys Kui | (Una 0

The solution of Equation 22 without considering the da
frequencies:

mping terms leads to the expressions of the natural

2 12+ @) f? 2 + @+ 1)

21 —41+n—y%la)fs? £, 23)

2(0+n—

¥l a)
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o 12+ @em I + Qe BT 40 -7t @) 1

(24)

2

where:

M M M
p=—H0 g=H1I , _ HI
Mg Mg Mg
There are four parameters n, fg, f, , yzla in
Equation 25. The values of n and fg are given for

(25)

each case. The value of f, and 2/« are
identified in Tables 1~3. Interestingly, f, and

7% | o are the same value for both case 1 and case 2

of Model 1c. This would explain why the natural
frequencies are unchanged with the different

20+n-7%1a)

parameters for H-S Model 4. The reason for H-S
Model 5 should be the same, although the
expressions of the natural frequencies cannot be
written directly.

4.2 Comparison between different Human-
Structure Models

The natural frequencies of the H-S models 2, 3, 4 and
5 and the first three natural frequencies of the H-S
model 1 with different mass ratios 7 =My, / Mg
and frequency ratios g = fy, / fg are listed in Table
7.

Table 7. Comparison of the first three natural frequencies of H-S Model 4 and 5 with different parameters

n 0.01 0.1 1
Human-Structure f
Models ° 3 6 12 3 6 12 3 6 12
(Hz)
Fundamental natural frequency
H-S 1: Model 3 298 | 568 | 587 | 283 | 517 | 581 | 207 | 3.77 | 5.29
H-S 2: Model 1b 298 | 565 | 586 | 282 | 5.09 | 578 | 203 | 3.67 | 517
H-S 3: Model 2d 298 | 570 | 587 | 2.83 | 519 | 582 | 2.07 | 3.80 | 533
H-S 4: Model 1c 298 | 560 | 579 | 282 | 504 | 571 | 205 | 3.66 | 5.10
H-S 5: Model 2e 298 | 563 | 577 | 283 | 515 | 572 | 207 | 3.78 | 5.26
Second natural frequency
H-S 1: Model 3 591 | 6.20 | 120 | 6.14 | 6.72 | 118 | 7.48 | 811 | 11.0
H-S 2: Model 1b 591 | 6.23 | 12.0 | 6.22 | 6.89 | 12.1 | 828 | 9.16 | 13.0
H-S 3: Model 2d 591 | 618 | 119 | 6.12 | 666 | 115 | 7.23 | 7.77 | 10.3
H-S 4: Model 1c 584 | 6.22 | 120 | 6.18 | 6.92 | 122 | 869 | 9.72 | 13.9
H-S 5: Model 2e 581 | 6.14 | 119 | 6.01 | 659 | 114 | 7.09 | 7.62 | 9.94
Third natural frequency
H-S 1: Model 3 149 | 149 | 149 | 150 | 15.0 | 152 | 16.2 16.4 17.3
H-S 3: Model 2d 135 | 135 | 136 | 13.7 | 13.7 | 141 | 15.2 154 16.7
H-S 5: Model 2e 132 | 132 | 133 | 134 | 135 | 141 | 156 | 159 | 175

The comparison of the results in Table 7 shows that:

=When 7 is very small (7=0.01), there is little
difference between the natural frequencies of the
last four H-S models.

=When 7 is small (7= 0.1), the corresponding
natural frequencies from the last four models are
similar.

»When 7 is large (77 =1.0), the difference between

the Matsumoto’s models and the interaction models

becomes slightly larger when the order of the
natural frequency increases.
= For the two DOF models (H-S Models 2 and 4), the
following condition hold: f, <(fg, fy)<f,.
=There are no obvious difference between the
biomechanics and interaction models when 7 <0.1.

The interaction models show better agreements with
the continuous model than the biomechanics models.
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Especially, H-S Models 5 shows the best agreement
with the H-S Model 1.

5 Conclusions

This paper determines the parameters of the

proposed interaction body models (Fig. 2) using the

available measurements of Matsumoto and Griffin.

The conclusions drawn from this study are:

=Similar to the parametric identification of
Matsumoto and Griffin, the parameters identified
are not unique as one additional condition that has
to be given for Models 1b and 2d. For the
interaction models (Fig. 2), one additional
condition is required for Model 1c and two
conditions for Model 2e. This could lead to several
sets of parameters, but with the results from the
continuous model, reasonable parameters of the
two interaction models are identified.

= The quality of the curve fitting for the interaction
model is as good as (Model 1c) and is slightly better
(Model 2¢) than the published results (Models 1b
and 2d).

= Based on Model 2e, f,; isidentified as 5.78Hz, and

& of the interaction model is 0.369. f, is
identified as 13.2Hz, and &, of the interaction

model is 0.445. These parameters can be used in
further calculations.
=There are no obvious differences between the

biomechanics and interaction models when 77 <0.1.

Acknowledgements

The authors are grateful for the financial support of
the National Natural Science Foundation of China
(Grant No. 51508133); China Postdoctoral Science
Foundation (Grant No. 2014M551255);
Heilongjiang Postdoctoral Fund (Grant No. LBH-
Z15089); Scientific Research Foundation for
Returned Scholars, Ministry of Education of China.

References

[1] Matsumoto, Y., Griffin, M. J.: Mathematical
Models for the apparent masses of standing
subjects exposed to vertical whole-body
vibration, Journal of Sound and Vibration, 260
(2003), 431-451.

[2] Griffin, M. J.: Handbook of Human Vibration,
Academic Press, London, UK, 1990

[3] Matsumoto, Y., Griffin, M. J.: Dynamic
response of the standing human body exposed
to vertical vibration: influence of posture and
vibration magnitude, Journal of Sound and
Vibration, 212 (1998), 1, 85-107.

[4] Ji, T., Zhou, D., and Zhang, Q.: Models of a
standing human body in vertical vibration,
Proceedings of the Institution of Civil
Engineers: Structures and Buildings, 166
(2013), 7, 367-378.

[5] Ji, T., Wang, D., Zhang, Q., & Duarte, E.:
Presence of Resonance Frequencies in a
Heavily Damped Two-Degree-of-Freedom
System, Journal of Engineering Mechanics, 140
(2014), 2, 406-415.

[6] Zhang, Q., Zhang, Y., Ji, T.. A Continuous
Model of a Standing Human Body in Vertical
Vibration, Journal of Engineering Review,
2016, In press

[7] Bartz,J. A., Gianaotti, C. R.: Computer program
to generate dimensional and inertial properties
of the human body, Journal of Engineering for
Industry, 75 (1975), 49-57.

[8] Nigam, S. P., Malik, M.: A study on a vibratory
Model of a human body, Journal of
Biomechanical Engineering, 109 (1987), 148-
153.

[9] Ji, T.. A continuous Model for the vertical
vibration of the human body in a standing
position, UK Informal Group Meeting on
Human Response to Vibration, 1995, Silsoe,
UK

[10] Wei, L., Griffin, M. J.: Mathematical models for
the apparent mass of the seated human body
exposed to vertical vibration, Journal of Sound
and Vibration, 212 (1998), 5, 855-874.



12

Q. Zhang, et al.: Parameter identification of the...

Appendix

The meanings of notations in this paper are presented
as follow:
Cui1, Chy, the modal damping coefficients of

discrete human-body models
Cg the damping coefficient of a SDOF structure

system

&u1r Eno the damping ratios of discrete human-
body models

fs (Hz) the natural frequency of a SDOF structure
system

fui, fyo (Hz) the first and second natural
frequencies of a standing human body

ki, k2 (KN/m) the axial stiffnesses of the lower and
upper parts of a bar

Ku1, Ky (N/m) the modal stiffnesses of discrete
human-body models

My (kg) the whole-body mass

My1, My, (kg) the participating masses of the first
and second modes of a human body respectively
My11, My, (kg) the modal masses of the first and
second modes of a human body respectively

Uy (x,t) (m) the absolute movement of a human
body

Uy (t), uy, (t) (M) the absolute movements of the
first and second modes of a human body

a the ratio of the modal mass of the first mode of
the body to the modal mass of the structure

n the ratio of the whole body mass to the modal
mass of the structure

y theratio of the participating mass of the first mode
of the body to the modal mass of the structure

[ the ratio of the natural frequency of the first mode

of the body to the natural frequency of the SDOF
structure system



