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This article presents results from an experimental study of the frequency properties of a
sitting person. This analysis shows that in order to define the structure and parameters of a
human body model, it is necessary to find the only solution to the problem of determining
the model parameters. Otherwise, this model cannot be used to build vibration protection
systems, which is its main purpose. This problem was solved for a two-mass human model.
To do this, the total model mass and although the amplitude-frequency response and input
frequency impedance for both solids in the model structure are needed to be known. In
addition to this, the influence of multi-articular muscles on the frequency characteristics of
a human body is found using mechanical models with an arbitrary number of degrees of
freedom. In particular, the possibility of the existence additional antiresonance frequencies
on the upper mass is shown.

Keywords: vibration, human body, mechanical model, frequency response, multiarticular
muscle.

1. Introduction. A large number of papers have been devoted to the experimental
determination of frequency properties of a human body, which can be represented by the
amplitude-frequency response (AFR) or input frequency impedance (IMI). On their basis,
mechanical models of the human body subject to vibration were built. The main purpose
of these models is the construction of human protection systems against vibration.

The first researcher who measured the impedance of the human body was von Bekesi
[1]. He used this frequency response to determine the limit of a person’s sensitivity to
vibration. The advent of more modern sensors for measuring force and acceleration has
generated a stream of experimental studies of the human body frequency characteristics.
Thus, in [2] the results of measuring the IMI of a sitting person in tense and relaxed
positions with prolonged vibration in the frequency range from 0 to 20 Hz were presented.
The graph clearly shows two resonant peaks in the region of 56 and 11-12 Hz for all
postures. It was also noted that the behavior of the sitting human body impedance is
similar to that of a mechanical system consisting of two rigid bodies connected in series by
springs and dampers. Later papers repeatedly drew attention to the strong influence of the
subject’s posture on the transmission of vibration from the seat to the head [3, 4], as well
as to a significant variability in the measurement results for the different volunteers [5, 6].

The first mechanical models of a human body exposed to vertical vibration appeared
half a century ago [7]. These models were based on experimental studies for three different
poses of subjects and had a structure consisting of sequentially arranged solid bodies
connected by springs and dampers, but differed from each other in the number of degrees of
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freedom. The model parameters were selected so that the frequency response of the model
was as close as possible to the experimental frequency response. In subsequent papers the
structure of mechanical models became more complex. In [8] a lumped-parameter model of
a human body in the sitting position is formulated. It includes the head, vertebral column,
upper torso, abdomen-thorax viscera, pelvis and legs. The deformability of some of them
is modeled by springs and dampers. The same authors proposed a mechanical model in
which the number of degrees of freedom was reduced to three [9], and according to the
authors, the reproducibility of experimental results deteriorated only slightly. A similar
model with three degrees of freedom was presented in [10]. These examples show that the
problem of determining the structure was not solved and the reasons for the resonance of
the human body have not been fully studied [11].

The uncertainty of the structure of models is also a characteristic of recent works.
Thus, in [12] a group of models with four degrees of freedom was presented, in which solid
bodies were connected by springs and dampers in different combinations not only in series
but also in parallel. While doing so, the model elements were not associated with specific
parts of the human body. Therefore, the proposed models are not models of the human
body, but only models of experimental AFR or IMI. This is also confirmed by models
from [13-15]. In this regard, the number one problem in modeling the human body is to
determine the structure of the mechanical model.

The second problem is the problem of determining a unique set of parameter values
for a mechanical model of a human body. This is extremely important, because having two
or more values for at least one parameter will make it impossible to be used for building
a vibration protection system. Unfortunately, this problem has neither been resolved yet,
nor has it been formulated.

Another problem is that the previously proposed mechanical models did not take into
account and did not study the influence of multi-joint muscles on the frequency properties
of a sitting human body. Although it is well known that they provide mobility in the
cervical, thoracic and lumbar spine and maintain the equilibrium position.

These problems are the subject of the research in this article.

2. Principles of model construction and determination of its parameters.
The problem of determining the model structure and determining the unique set of its
parameters’ values are interrelated. As stated in the introduction, in order to determine
the structure of a model, all its elements modeled by solid bodies must correspond to
certain parts of a human body. For all elements, the mass must be determined based
on the average anatomical data. The sum of these masses must be equal to the mass of
the human body per seat, which is determined by weighing. In addition, it is necessary
to experimentally determine the transfer function from the seat to this simulated area
of the human body for each solid body in the model. Such measurements are absent in
the vast majority of previous works. A rare exception is the model presented in [16]. The
disadvantage of this article is that vibration measurements were made not on the vertebrae
themselves but on the skin area adjacent to the vertebra.

As for searching for a single set of model parameters’ values, for clarity, we will
consider a simple mechanical model of a chain structure with two degrees of freedom that
is shown in Fig. 1. In it m; and moy are the upper and lower body mass, ¢; and cy are
the spring stiffness, b; and by are the damping coefficients and y(t) is displacement of the
model vibrating base.

The motion equations of the given model in the absolute coordinate system have the
form
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mi&1 + b1 (&1 — &2) + c1(x1 — 22) =0,

maoiy — b1 (L1 — d2) — c1(@1 — 22) + ba(d2 — 9) + ca(w2 —y) = 0.

my

m;

c, L b,

y(t)

Fig. 1. Two-mass mechanical model of a human body subjected to vibration

Applying the Laplace transformation to the system of motion equations of (1) we can
obtain the transfer functions for masses mq and mao:

X1(p) asp® + a1p + o
H = = 2
1(p) Y(p)  ap* + 03p3 + d2p? + d1p+ 0o @
X 3 2
Ha(p) = 2(p)  B3p’ + Bap” + Bip + Bo 3)

Y(p)  Sap* + 03p® + 62p> + 01p + 6o
The coefficients in these transfer functions are related to the model parameters in the
following way:
do =g = fPo =cica, 01 =01 =1 =ciby+ caby,
0y = (m1 + m1)61 + mycy + b1ba , 03 = (m1 + ml)bl + miba , (4)
04 =maima, ag="biby, B2=mica+biba, [3=miby.

The AFR corresponding to the transfer functions (2) and (3) has the form

mwm:¢< o 6)

Oqw? — Jow? + 50)2 + (51&.} — 53(,03)2 ’

dawt — ow? + 00)? + (Brw — d3w3)? (6)

The values of the coefficients §;, a; and ; are determined in a way to bring the
theoretical frequency responses (5) and (6) as close as possible to the experimental ones.
Having thus their values determined, in accordance with the relations (5) we will have
eight equations, from which we can determine the values of six unknown parameters of
the model my, ma, c¢1, co, by, bo provided that the total mass of the model is known
M =mq+ ms:

_02—F b
M ) 1 M ’

|mwn=¢((%_&wy+mw—%ww

_ 03— 3 o — Moy — Mag — MPp
= 5 = = =
dg—f2  Oa—P2 2P’
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Mas B3(d3 — B3) Masdy
= 7, m; = ——-, mo = ———.
03 — B3 May B303 — B3
As you can see in this case, you do not need to pre-set the masses m; and ms based on
the average anatomical data as it was required above to determine the structure of the
model.

However, in most of the studies, only the experimental frequency response for mass
my is available to determine the values of the model parameters. In this case, only six
equations out of of the eight (4) are remained. As a result, we will not be able to uniquely
determine the values of all the model parameters, since for parameters mq, ¢; and b; we
will get square equations, namely

ba

m12 — Mmy + 94 =0, b2012 — ajc1 + aghy =0, Mb12 — 03b1 + mias = 0.

As we can see, prior knowledge of the masses m, and mo does not save the situation.

For a mechanical model of a chain structure with three degrees of freedom similar
results are obtained, but their proof is more cumbersome. An additional research is ne-
cessary for mechanical models of a chain structure with an arbitrary number of degrees of
freedom.

In a number of works the IMI is used as an experimentally determined frequency
characteristic of a human body.

The modulus of IMI for a mechanical model (Fig. 1) has the form

12)] = \/ U P e~ o

dqwt — dow? + 50)2 + (51&) — (53&]3)2 ’

where
fo=Mobo, fi1=DM0b1, fo= Mbiby+ mimaca, [f3=mimabs,

d; are the same as in (4).
As for the values of f; and J;, as indicated above, they are determined based on the

condition of the maximum approximation of the theoretical module of the IMI to the

experimental one. Having these values determined, we can proceed to defining the model

parameters. In doing so, the unique set of their values we can get only if we know the

value of one of the masses, for example m;. Then we get:

_§1my — Oaby + by %by 0o 03 — bamy I3

- 9 ) b = 9 b = =
“ mibs + Mby ©2 Cc2 ! M 2 04

, mg =M —mj.

By the way, you can also determine the total mass of the model without weighing
because M = fo /o .

Thus, to uniquely determine the parameters of a two-mass model of a human body
using IMI you need to know the value of one of the masses.

3. Features of the trunk muscles. The peculiarity of the trunk muscles is that
most of them are multi-articular. It is known that these muscles largely determine the
mechanical properties of a spine, and in their absence, the vertebral column is not able
to maintain its configuration. However, the influence of multi-joint skeletal muscles on
the mechanical characteristics of a human body under vibration has not been studied,
including when modeling the human body exposed by vibration.

Since these muscles are in a constant tension under vibration conditions, they can be
modeled by multi-link viscoelastic joints [17] as shown in Fig. 2 for the simplest human
body model with two degrees of freedom.
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Fig. 2. Mechanical chain structure system with two degrees
of freedom in the presence of two-link connections

The transfer functions for masses m; and msq are written:

Xi(p)  asp® + aop® + a1p+ o

Y (p) dap* + 63p® + dap? + 1p + 0o’
Xo(p)  B3p® + Bap® + Bip + Bo

Y (p) dap* + 3p> + dop? + d1p+ o’

Hi(p) =

Hs(p) =

where

do = g = Bo = c1c2 + co(er + ¢2),

01 = a1 = B1 = c1by + cab1 + bo(c1 + c2) + co(by + b2),

Oy = Cl(m1 + m1) + comq + bibs + bo(b1 + bg) + coma ,

03 = bi(my1 +mq) +bamy +boma, 04 =mimg, g = biby+ coma,
az =bomy, B2 =macy 4 bibs +bo(b1 +b2), B3 =miby.

The frequency responses for masses m, and mo are as follows:

(a0 — a2w?)? + (w)? — azw)?
H =
il \/(540.)4 — G2w? +00)? + (01w — d3w?)?

_ (Bo — B2w?)? + (cyw — d3w3)2
|Ha(w)| = \/(54&14 — dow? + 6p)2 + (Prw — d3w3)?

It should be noted that the numerator of frequency response |Hi(w)| for b; = 0 is
equal to g — aaw? and vanish, when

cica + co(er + ¢2)
Comso '

This means that when two-link connections are applied, an antiresonance frequency
appears on the upper mass, but this is not possible in the absence of two-link connections. It
should be noted that multi-link joints can bind different masses of the system, depending on
which multi-joint muscles are included in the developed model. Consider, for example, the
case of the existence of antiresonance frequencies on the upper mass of a model with three
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Fig. 3. Three variants (a—c) for applying multi-link connections to a model
with three degrees of freedom

degrees of freedom, depending on how the additional multi-link connection is imposed. In
this case, there are 3 variants for applying an additional connection (Fig. 3).

As an illustration, we have given numerical calculations of the AFR for the human
body mechanical model with eight degrees of freedom (Fig. 4) in the presence (curve 2)
and absence (curve I) of multi-link connections. In this model m; is the mass of the head,
myg is the mass of the trunk, and mo, ..., mg are the masses of seven cervical vertebrae. The
Fig. 4 shows that the presence of multi-link connections (curve 2), which model multi-joint
neck muscles, can lead to a decrease in the maximum values of the frequency response and
the appearance of a frequency at which the AFR is close to zero.

10.00
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0.00 5.00 10.00 15.00 20.00 w, Hz

Fig. 4. AFR for the models with eight degrees of freedom

1 — the usual chain structure; 2 — the chain structure with multi-link connections

4. Conclusion. Thus, it is shown that in order for the mechanical model of the hu-
man body to be suitable for use in the construction of vibration protection systems, it
is necessary to find a single set of numerical values of its parameters. Using the example
of a two-mass mechanical model of the human body, it was shown that an unambiguous
determination of its parameters is possible only if there are experimental frequency char-
acteristics for both masses and the value of the total mass, or if there is an experimental
IMI and the value of one of the masses.
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In addition, the influence of multi-articular muscles on the frequency characteristics
of the human body was found using mechanical models. In particular, the possibility of
antiresonance frequencies, including at the upper mass, was shown.
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Omnpenenenne CTPyKTYypbl U HAapaMETPOB MO/IEJIN YeJIOBEKA, MOJBEPXKEHHOTO
BUOpanumn

B. II. Tpeeybos, H. K. Feoposa

Cankr-Ilerepbyprekuil rocynapcrBeHHbiit yHuBepcuTeT, Poccniickas Peneparust,
199034, Cauxr-Ilerepbypr, YauBepcurerckas Hab., 7-9

st nutupoBauusi: Trequbov V. P., Egorova N. K. Determining the structure and parameters
of the human model subjected to vibration // Bectauk Canxr-IleTepGyprckoro yHUBEpCHUTETA.
IIpuknaguas maremaruka. Nudopmaruka. ITpoueccer ynpasienus. 2022. T. 18. Bem. 1. C. 163—
170. https://doi.org/10.21638/11701 /spbul0.2022.113

B crarbe mpejcTaBieHbl pe3ysbTaThl IKCIEPUMEHTAJIbHBIX WCCJIEJIOBAHUI YaCTOTHBIX
CBOICTB CHUSIIErO YeaoBeKa. VX aHammns moKa3asl, 9To JIJIst OIPeeIeHUsI CTPYKTYPbhI U apa-
METPOB MOJIEJIU YEJIOBEYECKOro Tejia HeOoOXOIMMO HANTU eIMHCTBEHHOE DelleHue pO0JIeMbl
OlIpeJIeICHHsI IApaMEeTPOB MOJeJU. B IpOTMBHOM ciydae 9Ta MOJEIb He MOXKET ObITb HC-
MOJIB30BaHA JJTsi CO3/AHUST CUCTEM BUOPO3AIUTHI, UTO SIBJISIETCS €6 OCHOBHBIM HA3HAYECHUEM.
HHaunast mpobjiema ObLTa pelieHa JJis JBYXMACCOBOM Mojenn dejoBeka. [ljist aToro Heob-
XOJUMO 3HATh OOIIYI0 MAacCy MOJEJIH, & TaKyKe aMIUINTYJHO-9aCTOTHYIO XapPaKTEPUCTHUKY
¥ BXOJIHOE YaCTOTHOE COMPOTUBJIEHUE NIt 0OOMX TBEPABIX TeJ B CTPYKType Mmojmenu. Kpome
TOro, OBLIO OIIPEIEJIEHO BIUSHUE MHOTOCYCTABHBIX MOBIIII HA YACTOTHBIE XapaKTEPUCTUKU
YEJIOBEYECKOI'0 Tejla C HCIOJIb30BAHUEM MEXaHWYECKUX MOJIEJIEl C IMPOU3BOJILHBIM YHCJIOM
crerneneit cBo6obI. B wacTHOCTH, TOKa3aHa BO3MOXKHOCTH CYIIECTBOBAHUS JOTMOJTHUTETBHBIX
AHTUPE30HAHCHBIX YaCTOT Ha BEpXHei Macce.

Karouesoie caosa: BI/I6paILI/IH, TeJIO YeJIOBEKa, MeXaHnvYeCKad MOAEJIb, YaCTOTHAadA XapaKTepu-
CTUKa, MHOTOCyCTaBHAad MBIIIIA.
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