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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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The purpose of this document is to define a method of quantifying whole-body vibration containing
multiple shocks in relation to human health in the seated posture. In biodynamics, the term “shock” is
used to describe a wide range of short-time, high-magnitude exposures. It covers the range of severity
starting at mild shocks resulting only in annoyance and brief discomfort up to magnitudes of shock

suffi

cient to cause pain, injury or substantial physiological distress.

The methods described in this document can be appropriate for assessing the risk of chronic injury
from exposure to repeated shock as can be experlenced in mllltary, Commerc1al or recreatlonal off-
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b1 pathology. However, the risk assessment methods and related models deSeribed in thij
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sures, e.g. the effects of some protective measures and different ekxposure conditions.

document solely addresses lumbar spine response on the basis of studies indicating thaf
e can be adversely affected by exposures to whole-body vibration[6][Z][8][9][10][11][38][3
which also contain multiple shocks. Other adverse health“éffects of exposure to reps
as damage to parts of the body other than the lumbarspine, or types of short or long
ts other than damage to the vertebral end plates, are.not specifically considered by thi
end plate damage often cannot be differentiateddy damages caused by other exposi
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document considers only the effects of compressive loads from multiple shocks. To
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alternative measurement equipment will need to be developed, e.g. dosemeters.
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Mechanical vibration and shock — Evaluation of human
exposure to whole-body vibration —

Part 5:
Method for evaluation of vibration containing multiple

1 Bcope

This| document addresses human exposure to multiple mechanical shocks, and it |formulates
reqyirements for the measurement of multiple shocks. The results of thése“measuremer]ts are then
anallyzed to provide information for the assessment of the risk of adverse health effects to the vertebral
end-plates of the lumbar spine for seated individuals due to compression. Other injuries could develop
everl when there is no injury to the end plate.

NOTE1  Multiple mechanical shocks are shocks of different magnitude and shape that occur frequently at
regufar and irregular intervals during the measurement period.

NOTE 2 As proposed in the annexes, the assessment of the current injury risk is based dn measured
representative exposures in combination with the individualexposure history. Prospective risks can be assessed
by apticipated exposure durations. Manufacturers of measurement equipment are encouraged fo develop a
possjbility for an on-site evaluation of the exposure.

Twolexposure regimes are distinguished in this document: one for severe conditions and [one for less
sevelre conditions.

NOTE 3  Clause 4 contains the delineation of the two regimes.

This|document is applicable for unweighted vertical accelerations that have peak values upfto 137,3 m/
sZ2 (14 g) measured at the seatsoccupant interface beneath the ischial tuberosities over 4 0,01 Hz to
80 Hz measurement bandwidth.

NOTE4  The measurenmeiitbandwith is defined in 5.1.

Cauffion is necessany” when applying the method to severe exposures, particularly |since peak

acce

erations of 1373 m/s2 (14 g) are close to the physical limit that a spine can tolerate.

Normative references

The

leir content

constitutes rquirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

[SO 2041, Mechanical vibration, shock and condition monitoring — Vocabulary

ISO 2631-1:1997, Mechanical vibration and shock — Evaluation of human exposure to whole-body
vibration — Part 1: General requirements

ISO 5805, Mechanical vibration and shock — Human exposure — Vocabulary

ISO 10326-1, Mechanical vibration — Laboratory method for evaluating vehicle seat vibration — Part 1:
Basic requirements

© ISO 2018 - All rights reserved
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3 Terms, definitions and symbols

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 2041 and ISO 5805 apply.

ISO and [EC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.or

— IEC Electropedia: available at http://www.electropedia.org/

3.2 SymlJols (units)

az(t)

az(w)

Aq(t)

Az(w)

Az,i

Cdyn

Cdyn,i

D74

H(w)

input acceleration in z-direction
depending on time (1 m/s2)

Foprier transform of a,(t) (1 m/s)
time dependent spinal acceleration
regponse function (1 m/s2)

frgquency dependent spinal acceleration
regponse function (1 m/s)

—~
[
=

maximal value of A,(t) (1 m/s2)
enflplate area of a vertebra (1 mm?2)

response function of compressive
foyce in Annex A (1 N)

ithimaximal value of Cgyn (1 NJ
ac¢eleration dose depending on A ; for
tm|(1 m/s2)

dajly acceleratien dose extrapolated for
tq [1 m/s2)

trgnsferfunction (1)

ac Faldration comnracciva ctrace
e eo—compresSive-S5tHess

Sd

Sstat

Su,i

SA

daily compression dose for fmodel in
Clause 5 (1 MPa)

static stress for modelin Clause 5 (b3
on gravitation) (1 MPa)

vertebral ultimate strength for mode
Clause 5 fer year i (1 MPa)

compressive dose in Annex A (1 MPa)
daily compressive dose in Annex A
(1 MPa)

compressive dose for variable exposu
in Annex A (1 MPa)

static stress for model in Annex A (b4
on mean Cqyn) (1 MPa)

vertebral ultimate strength for mode]
Annex A for year i (1 MPa)
time (1 s)

duration of daily exposure (1 s)

measurement duration (1 s)

sed

| in

res

sed

| in

vancywv (1 H-)
R AN

conversion factor depending on mass
in Annex C
[1-:106 Pa/(m/s2) = 1 MPa/(m/s2)]

number of exposure days per year (1)

risk of vertebral failure, based on R (1)

raall
T eoer 7Ty
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R stress variable for the risk calculation for
model in Clause 5 (1)
RA risk factor based on SQ (1D
R(? risk factor based on Sé\ (D
NOTE The quantities that describe the injury risk are defined in Annex C (model of Clause 5)

5:2018(E)

and Annex E

(model of Annex A). For Clause 5, the injury risk is described by II(R), which is a function of R. This stress variable
R differs from the injury risk RA for the model of Annex A, which is defined in Annex E.

4

The
vibr

NOT
inclul

Thet
a)

b)

Delineation of the two exposure regimes

exposure conditions in this document differ from those for the basic evaluation of
htion as described in ISO 2631-1.

£ 1 ISO 2631-1:1997, Clause 6 contains criteria, when additional methods, of evaluation nee
ding ISO 2631-5.

e are two exposure regimes that have to be distinguished:

Dn the one hand, one finds severe conditions which are typical for military off-road
high speed marine craft, etc. These severe conditions_Can contain periods of free fg
Hominated by accelerations in the z-axis, and the subjéects can lose contact with the §
due to the exposure. These conditions are addressed in Clause 5 and in Annexes C 4
the requirements for the measurement (bandwidth, signal conditioning) differ frg
SO 2631-1, and the contributions of the x- and\y-directions to the compressive forces
hre neglected since the exposure is dominantin the z-direction.

NOTE 2 Issues arising from the limitation to a default posture and a purely vertical e
hddressed in the Introduction and in Antiex B.

Dn the other hand, less severe“eonditions are also covered by this document with
bvents and where the subjectirémains seated throughout the measurement. These are
n an industrial context, (€.g: driving with tractors, forestry machines and mobile eg
machinery over rough supfaces (off-road, potholes, frequent crossing of railroad tracks,

hs for the unweightéd acceleration time series described in ISO 2631-1.
Fo determingthe regime for a given exposure, two questions have to be used:

)

Does thie driver lose contact with the seat (or would the driver lose contact in 3
restrdint system)?

i)>- Does the exposure contain periods of free fall?

whole-body

1 to be used,

vehicles or
11, they are
eat surface
nd D. Here,
m those in
n the spine

kcitation are

ut free-fall
more likely
rth-moving
etc.). These

ronditions are addreSsed in Annexes A and E. The requirements for the measurement ajre the same

bsence of a

If either question is answered with yes, the method of Clause 5 and Annexes C and D has to be used.

In case of doubt, these criteria can be checked quantitatively by measuring a representative exposure
with the method outlined in Clause 5 or in Annex A (the more likely one is chosen). The measured time
series in z-direction at the person are then checked: after applying the band-limiting filters described
in ISO 2631-1, the peak accelerations shall not exceed 9,81 m/s2 for the use of Annexes A and E. If the
peak accelerations thus obtained exceed 9,81 m/s2, Clause 5 and Annexes C and D apply.

iy

If one starts with the requirements for the severe conditions, one proceeds with the signal

conditioning process up to the step before the band-limiting filter is applied. The check is performed
with a copy of the signal, so that the correct band-limiting filter (see 5.1.3) can be applied after the
successful check.

© ISO 2018 - All rights reserved
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2) Ifone starts with the requirements for the less severe conditions, and if the check is successful, one
can use the band-filtered signal from the check for the further evaluation.

3) Ifthe check does not confirm the first assumption of the exposure conditions, the measurement has
to be repeated with the requirements of the other exposure condition.

This check is optional and, therefore, shaded in Figure 1.
NOTE3  The band-limiting filters for the z-direction in ISO 2631-1 are:

— High pass: two-pole filter with Butterworth characteristic, corner frequency 0,4 Hz,

— Low pass{two-pole filter with Butterworth characteristic, corner frequency 100 Hz.

Loss of
yes contact with seat? no
or
Free fall?

yes no
Severe fonditions Less severe conditions
(main part, Annexes C, D) (Annexes A, E)

Measurgment (5.2) Measurement (A.2)

Signal before

- accelefration time series in band-limiting Only z - acceleration time series in
z-diregtion filter signal X-, y- and z-direction

- bandwidth 0,01 Hz - 80 Hz - bandwidth 0,5 Hz - 80 Hz

- signal|conditioning (5.2.3) - no special signal conditioning

Evaluation (5.3, 5.4) Evaluation (5.3)

Risk injury (Annexes C,D) Risk injury (Annex E)

NOTE The shaded parts allewfor an optional, quantitative confirmation of the first decision.

>

gure 1 — Flowchart for the application of the models used in this document

5 Descrjption of the model

5.1 Vibration measurement

5.1.1 General considerations

Vibration measurement, including the direction of measurement, location of transducers, duration of
measurement, and reporting of vibration conditions, shall follow the requirements given in 1SO 2631-1
except as described in 5.1.2 to 5.1.4.

5.1.2 Measurement location and specific hardware requirements

The vertical acceleration a,(t) should be measured at the interface between the seat and the ischial
tuberosities.

4 © ISO 2018 - All rights reserved
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During data collection, the subject should remain seated and should not rise from the seat. The location
of measurements on the seat and the design of the accelerometer disk on the seat pad shall be as
specified in ISO 10326-1.

Contact switches, video recordings or other methods should be used to detect loss of contact
between the subject and the seat surface. It is necessary to detect and report the loss of contact, since
accelerations measured during loss of contact shall not be counted as exposure. In addition, it shall be
ensured that the impact experienced landing on the seat (i.e., both the motion of the person and the
motion of the seat) after free fall is fully taken into account.

The accelerometers and associated measuring equipment shall be appropriate for measuring the
highg 1) TS anticly i Te e [

The [recorded, digitized accelerations should have a flat acceleration frequency respofiise ffom 0,01 Hz
to atleast 80 Hz. A sampling rate of 256 samples per second or greater can be necessary d¢pending on
the anti-aliasing method used.

Detdils of the measurement equipment, including description of the calibration methods uged, shall be
proyided.

5.1.3 Signal conditioning

The different steps of the signal conditioning process are summarised in Figure 2.

1. Sign check (cranial +)

2. Elimination of loss*af-contact
3. Resampling

4. Offset correction

5. Tapering

6. Band-limiting filter

Figure 2 — Steps of the signal conditioning process

In the first step, it is important'to check that the sign of acceleration signals (positive, pegative) is
correct as the analysis method is concerned with compressive spinal loading. In the|basicentric
coordinate system for seated persons, the direction of the z-axis acceleration is positive to[cranial (i.e.
upwprd is positive).

Aftef the sign of the“deceleration signals has been checked, the second step eliminates thpse parts of
the gignal where-there is no contact between the accelerometer disk on the seat pad and {the subject.
This|leads to separate parts of the signal to which the following steps are applied separately.

In the thirdsstep, if the data have to be re-sampled for analysis after being acquired at a highef frequency,
then| it i§ necessary to check that appropriate anti-aliasing filtering is used.

NOTE-+—Resamptingfunctions provided by commmom data processing software packages, suchras MATLAB®D),
can apply suitable anti-aliasing filters automatically but it is important to check that this is the case.

In the fourth step, the measured acceleration should have an offset correction so that the recorded
acceleration, with the accelerometer at rest (or with a symmetric signal), is (0 + 0,1) m/s2. Note that
subtraction of the mean may not be appropriate if the recorded acceleration is asymmetric.

In the fifth step, if analysing a time history where the accelerometer was in motion at the start or end
of the recording, then tapering the signal, for instance with a cosine taper applied over several seconds,
may be appropriate before applying the band-limiting filters.

1) MATLAB® is the trademark of a product supplied by MathWorks. This information is given for the convenience
of users of this document and does not constitute an endorsement by ISO of the product named.

© IS0 2018 - All rights reserved 5
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Finally, in the sixth step, the offset-corrected acceleration measurements shall be band-limited at
0,01 Hz and 80 Hz using second order Butterworth high pass filter with cut-off frequencies of 0,01 Hz
and a fourth order Butterworth low pass filter with a cut-off frequency of 80 Hz. The band-limiting and
weighting filters described in ISO 2631-1 should not be applied.

NOTE 2  The low frequency limit is reduced from that in ISO 2631-1 to prevent distortion of the acceleration
signal if there is a period of free fall before a severe impact. Free-fall periods in excess of 0,5 s have been observed
for fast naval craft. High pass filtering at 0,5 Hz causes the -1 g free-fall acceleration to be shifted back to zero
by the time the impact occurs. This causes the peak acceleration of the impact to be incorrectly offset by up to
+1 g. Calculations with a limited number of fast naval craft motions suggested errors of 10 % could be caused.
Abrupt changes in terrain contour or steep slopes can cause a similar effect. If there is little movement at the
measurement location-at Fvnqnnhr‘inc helgur n": ”'7' then errars caused l\y distortions of thoe timao ]'\icfr\ry d e to

the filter are|likely to be small.

5.1.4 Measurement duration

The duratign of the measurement shall be sufficient to ensure that measured results ave representative

of the expd
assessed.

Since shocl

required to

sure, i.e. that the measured multiple shocks are typical of the exposutes that are b

events may be infrequent, consideration should be given to“eStimating the dur:
obtain a sufficient number of representative impacts. The duration of measurement sh

eing

ition
ould

be appropriate to the assessment of the overall exposure.

pacts
len a

NOTE 1 Itis not practical to specify a sufficient number of impacts as thissdepends on how variable the imj
are. If the seyerity of impacts is variable with some at relatively low magnitudes and a few severe shocks, t
longer measfirement is likely to be necessary to increase the probability of capturing these severe shocks.

d be
ends

NOTE2 Iy
representati
also on the v,

repeatable tasks (e.g. mine haul trucks), recorditig at least a complete work cycle woul
e. In non-repeatable tasks (e.g. off-road travel, military transport), the sufficient duration dep
hriability in the terrain.

Careful con
personnel i
confidence
are likely td

sideration shall always be given to controlling the shock and vibration exposure of
hvolved in the trial. It may be apptopriate to take shorter measurements initially to
that exposures will not be excessive. Trials where humans are exposed to repeated s
require careful risk assessment.

any
gain
hock

5.2 Determination of spinal response

A seat-to-ly and

numerical 1

mbar spine transfer function has been developed based on experimental results
hodelling of seated occupants(41[5][15][72]-[75].

The frequency responseof the transfer function between the seat and the spine is given in Formulp (1)
in terms of pne complex zero and six complex poles.
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RY
1+2¢4 ﬂ+(ﬂ]
0] 0]
H(o)=1 e . M
1+ZCZB+ 10 1+2§3£+ 10
Wy | 0 3 | 03
i . N2 . N2
1422, I 1 IO | 1l pp JO [ JD
Wy (O (05 [0/
_ e . -
1+2§6£+ 10 1+2§7£+ 0
6 | W6 w7 | W7
whefe
j =v-1 ;
w1 =34 rad/s;
¢4 =0,35;
w2 =31 rad/s;
Cz =0,21;
w3 =230 rad/s;
g3 =0,88;
w4 =260 rad/s;
Ly =0,80;
w5 = 320 rad/s;
L = 0,40;
w6 =380 rad/s;
§6 =0,75;
w7 —420 ldd/lb,
< =0,65.

Tolerances for any implementation of this transfer function by analogue or digital means are

a) *2,5 % of the peak magnitude (i.e. £0,04) about the target magnitude response and *m/(10 rad)
about the target phase response from zero to 40 Hz;

b) +5 % of the peak magnitude (i.e. +0,08) about the target magnitude response from 40 Hz to 80 Hz
(no phase requirement);

c) +5% ofthe peak magnitude (i.e. +0,08) about the target magnitude response above 80 Hz (no lower
bound and no phase requirement).

© ISO 2018 - All rights reserved 7
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The frequency response of the seat to spine transfer function with tolerances is shown in Figure 3.

An example of a digital implementation of this frequency response function for a digital time history
sampled at 256 samples per second is given in Annex D.

This transfer function of Formula (1) shall be applied to the Fourier transform of the measured
conditioned vertical acceleration a;(w) = F[az(t)] following signal conditioning as described in 5.1.3.

4,(0)=H(w)a, (o)
4,(6)=F [ 4,(0)]
This gives rfise to A;(w) which is the response function of the spine in the frequency domain (speetrjum).

The responge function of the spine in the time domain A(t) is given by the inverse Fourier transform
of Az(w).

(2)

Y1

2

1,5

0,5

| L 1 L1111l | L 11111l | II\\?}

0
101! 10° 10! 102 f

Y2

L L LIl ] LIt
10 10° 10!

Key
f freqyency, Hz
Y1 magnitude

Y2 phase, rad
Figure 3 — Frequency response of the seat to spine transfer function with tolerance bands

NOTE This response was derived from a linearization of the neural networkI[15][72]-[75]. A least squares fit
was applied to the neural network response to a Gaussian random DC to 80 Hz signal with a peak acceleration
of 20 m/s2. The resulting filter was adjusted to give a transmissibility at DC of 1,0 on the basis that the non-
unity transmissibility at DC of the neural network was physically incorrect. Additional attenuation was applied
above approximately 50 Hz to provide an upper limit for the frequency response. Confidence in the original
neural network response frequencies over 50 Hz was considered to be low due to the considerable uncertainties
associated with measuring the transfer functions.
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5.3 Calculation of spinal response dose

The acceleration dose D, in metres per second squared, in the vertical direction is defined as

1
6
D, =1,07| Y A7; 3)
i

where A ; is the i th peak of the response acceleration A(t) [Formula (2)].

NOTE1 Formula (1) represents the frequency response of the spine in terms of a filter. In addition, there is an
amplitude response function of the spine, which is represented here by the factor of 1,07 in Formulg] (3).

A pdak is defined here as the maximum value of the response acceleration between(two fonsecutive
zero|crossings. Only positive peaks shall be counted.

In cplculating the dose, acceleration peaks of a considerably lower (by a factor of thrge or more)
maghitude than the highest peak do not significantly contribute to the valy@® associated yith the 6th

powpr term in Formula (3).
A dalily dose, D,q, in metres per second squared, can be calculated usingFormula (4):

1
D.,qa =D, [tt—d ]6 4)
m
whefe
D, is the acceleration dose;
ta is the time period of the daily exposure;
tm is the time period over which'D, has been measured.

To bg able to compare different exposures, it is recommended to use tq = 8 h in Formula (4).

Forrphula (4) may be used wheén)the total daily exposure can be represented by a single mpasurement
peripd. When the daily vibtation exposure consists of two or more periods of different magnitudes,
the acceleration dose, in metres per second squared, for the total daily exposure may be calculated as
follows:

6 Ldj g
e (5)
j mJ

whele

D,j  isthe acceleration dose for condition j;
td,j is the duration of the daily exposure to condition j;
tm;  isthe duration over which D7 j has been measured.

NOTE 2  Guidance on the assessment of adverse health effects from the knowledge of the spinal shocks is given
in Annexes B and C.
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Annex A
(informative)

Alternative model for the determination of spinal response during

exposures without loss of contact with seat surface

A.1 Gene

The focus o
craft, etc. H
exposures ¥y
exposures g
trucks, fore

bral

f Clause 5 is on exposures in severe conditions: military off-road vehicles, high speed m4
owever, this annex offers an alternative model for the assessment of multiple shock
vhere the exposed subject does not lose contact with the seat surface due tothe shock. T
re more likely to be seen in an industrial context, e.g. the exposures while driving trac
stry machines and mobile earth-moving machinery. A connection/etWeen the expo|

rine
5 for
hese
tors,
sure

assessment|of this annex and adverse health effects has been established in one)study[621[71].
This alternative model is validated for peak accelerations up to 9,81 m/$2 for acceleration signalls in
z-direction |measured at the seat surface. Therefore, this annex is restricted to measurements ere

the expose

person does not lose contact with the seat surface du@to shocks. The bandwidth of the

measurement and the signal conditioning according to Clause 5 accounts for free-fall events, which are

not expect

the procedures outlined in ISO 2631-1. Detailed information-6n the measurement of acceleration

series is gi

The altern

in the industrial context of this alternative model. Therefore, the measurement can fo

ninA.2.

ive model processes as input acceleration signals in three directions measured at the

llow
time

seat

surface (minimum). In addition, measurements atcthe backrest and the feet (seat mounting point or

cabin floor)
forces betw
model, whi

-5/ed-2.

The user is
for the purj
user instru

Therefore, 1
assessment|
body mass
in Annex C

can also be included in the evaluation-On the basis of these time series, the compre;s
een two vertebrae are calculated.\with the help of transfer functions of a biomecha

sive
hical

ch are included in a calculation. software, available at http://standards.iso.org/iso/2

permitted to use this calculation software in its original format without any modificat
poses specified in the-document. The usage of the calculation software is described if
'tion provided at the-same server address.

is based onlj’en the z-direction. In addition, the transfer functions depend on the pos
ind body,mass index (BMI) of the exposed individual. While the body mass is also a var
see Fornivla C.1), the assessment is restricted there to a default posture (upright sittin

NOTE1 T

he BMI is the ratio of the body mass (kg) and square of the body height (m).

he effect of accelerations in all three directions is taken into account, while in Clause $

531/

ions
1 the

the
fure,
able
).

Given the measured acceleration and exposure conditions, the software calculates by means of transfer
functions the spinal response in terms of compressive forces (see A.3.2). The peak compressive forces
thus obtained give rise to a compressive dose defined in A.3.3.

NOTE 2

Annexes B and E.

A.2 Measurement of acceleration time series

Guidance on the assessment of adverse health effects on the basis of this compressive dose is given in

Vibration measurement, including the direction of measurement, location of transducers, duration
of measurement, and reporting of vibration conditions, shall follow the requirements included in
ISO 2631-1 and also ISO 10326-1 for the location of measurements on the seat and for the design of the
mounting disc.
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The software (see A.3) evaluates only the signal portion between 0,5 Hz and 80 Hz. Therefore,
the sampling rate has to be larger than 160 Hz. Vibration transducers should register adequately
accelerations from 0,5 Hz to 80 Hz. Data should be acquired effectively synchronously across all
directions and measurement locations.

This alternative model is validated for peak accelerations up to 9,81 m/s2 for acceleration signals in
z-direction measured at the seat surface, which are filtered by the band-limiting filters described in
[SO 2631-1 (high pass: two-pole filter with Butterworth characteristic, corner frequency 0,4 Hz; low
pass: two-pole filter with Butterworth characteristic, corner frequency 100 Hz). For assessment, the
band-pass filtered signal from the seat surface generated to test for the maximal peak accelerations
can be used. No further signal conditioning is needed. For the other measurement locations (backrest,

seat[mounting point or cabin floor), frequency-weighting filters according to ISO 2631-1.sH
appljed.

For

sign
pers
to ve

measurement of vibrations including multiple shocks, it is important that the.$igh of §
hls (positive, negative) is correctly recorded. In the basicentric coordinate”system
ons, the direction of the y-axis is positive to the subject’s left. The directiorof the x-axi
ntral, and the direction of the z-axis is positive to cranial.

During data collection, the subject shall remain seated and belted, if pdssible, and shall not
with the measurement disc.

In a
reco
acce

dition to the measurement (at least) at the seat surface measurements at the b
immended. To account for the exposure at the feet and Wands, it is recommended
erations at the seat mounting point or cabin floor.

The
the

mea
dist1
the s

duration of the measurement shall be sufficient t@ ensure that the multiple shocks af
bxposures that are being assessed, without risk of injury to the exposed individuals
surement. Careful consideration should be given to accurate characterization of th
ibution of the impacts since the higher-amplitude tails of the distribution might not o
ampling duration but can substantially@ffect potential injury assessments.

The
hang
cabi
shal
s2,3

time series shall be saved in separate files for each interface of the model: seat surfad
Is, and feet. This requires savingtwo copies of the measured signal from the seat mount
n floor: one for the hands and one for the feet. All files shall not contain a header line 4

be in four columns: 1st forfmeasurement time in seconds, 21d for acceleration in x-diré
Fd for acceleration in y-direction in m/s2, 4th for acceleration in z-direction in m/s2.

A.3| Software

A.3.[1 Softwareinput and output (orientating analysis)

The data files'and paths of the measured acceleration time series (A.2) have to be specified
file ¢f the\software. If there are no measurements available from the backrest, this can be

ould not be

hcceleration
for seated
5 is positive

ose contact

ackrest are
Lo measure

e typical of
during the
b statistical
ccur during

e, backrest,
ing point or
nd the data
ction in m/

in the input
substituted
hted by one

with the'measurements at the seat surface. The exposure at the feet and hands is represe
measuremen Hepoi i : he-se c

e available,

this is used for the seat and backrest and “Zero” is indicated for the other measurement points. This

assumes a constant value of 0 m/s2 for the hands and the feet.

In addition, the model needs as input the posture, body mass and height (BMI) of the exposed individual.
Also the life-time exposure history has to be provided. In order to compare different exposures or
to make an assessment when no additional information on the individual exposure is available, the
orientating analysis of this annex uses as an input the same set of conditions (default values) and
normalizes in particular the measured exposure to a typical/realistic daily exposure duration of 4 h.
The default values are chosen in such a way that they maximise the spinal load:

a) a high BMI and the highest body mass percentile possible (BMI > 26,1 kg/m2 and 95th percentile,
i.e. abody mass larger than 109 kg),
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b) the exposure lasts from the age of 20 to 65 years for 240 days per year normalized to 4 h per day,

c) unfavourable driver’s posture [group 3 (excavator), see Table A.1 and Figure A.1].

The postures (see Table A.1 and Figure A.1) are represented in the software by mean values of body
angles for drivers using five different vehicle types: (1) fork lift truck, (2) wheel loader, (3) excavator,
(4) forwarder, (5) harvesterl[2Z].

NOTE1 In the individual analysis in Annex E, different BMI, daily and life-time exposure durations and
postures can be used. All five posture groups are used in Annex E, including posture group 3.

On the basis of the measured accelerations and the default values, the analysis software calculates the

interverteb
the six disc

the orienta
measured g
input inforry

NOTE 2 Ij
Annex E, wri

al compressive forces (see A.3.2) and the maximum daily compressive dose (max, SQ) for

levels of the lumbar spine [Formula (A.3) with j = 1]. Although the measurement durgtion
tm,1 in Fornpula (A.3) is not restricted, it is assumed that the daily exposure duration is normaliz¢d in
fing analysis to 4 h [t41 = 4 h in Formula (A.3)]. Individual exposure durations fox the
xposures can be accounted for in Annex E (individual analysis). The restlts as well ag the

hation given for the analysis are written in a spreadsheet (output file).

addition, the software calculates the risk factors RA for the six disc levels’based on S(‘? accordipg to

tes this additional information in the output file and shows it on the screen.

Table A.1 — Angle values for posture groeups

Angles in degrees

Model/pgsture group 61 62 63 04 o5 06 67

Grpup 1 72,0 7,3 18,0 92,7 129,3 48,7 -6,(
Grpup 2 68,0 11,8 18,0 89,5 119,5 43,7 25,p
Grpup 3 64,0 2,0 18,0 100,0 125,5 75,4 6,1
Grpup 4 75,5 8,0 18,0 89,7 121,7 75,8 9,3
Grpup 5 84,7 7,9 18,0 93,2 122,0 76,9 13,p

NOTE See Figure A.1.
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Key

1 [shoulder
2 lelbow

3  |hand

4  [knee

5 [foot

NOTE Values for posture groups are given in Table A.1.

Figure A.1 — Sketch of postural angles

A.3.2 Calculation of intervertebrat forces

The [internal lumbar forces for the-exCitation time-histories measured according to A.2 ar¢ calculated
e basis of transfer functions.Wwhich have been derived from the results of a group of Finlirl:e Elements

y-based FE
1 for the upright seating’posture considering the impact of different acceleration magnitudes[29]
[31][49][50]. For this posture, a large number of measurements for the apparent mass and the transfer
ions to different\body parts are available[26] on the basis of which the model wds validated
intemsively. Particular‘attention was paid to the modelling and validation of the lumbar sgine and the
associated musculature. For example, the modelling and validation of the lumbar spine yas carried
out gtepwiseArom the vertebral body and vertebral disk separately via individual motion segments
to the entirelumbar spine. The FE model also contains the effect of muscular forces Hy including
passive models for the muscle forces that maintain the posture. These forces are added to the dynamic
compressive forces in the vertebral discs.

This aspect, along with the strict orientation on human anatomy when modelling the other body parts
and joints, allows for the adaptation of the model to typical working postures and typical drivers’
anthropometries. For application within the framework of Annexes A and E, FE models were generated
for five common and typical working postures with ten representative drivers’ anthropometries each,
which depend on the BMI[2Z]. In this annex, only one posture and one anthropometry are used (see
A.3.1). By means of these models, the transfer functions for accelerations of different acceleration
magnitude classes from the four human-machine interfaces (buttock, back, feet and hands) to the forces
(compression and shear) in the lumbar spine were calculated[5Z].

All further calculations are carried out by means of these transfer functions. The software automatically
assigns the acceleration magnitude class from the measured accelerations (A.2), and it also assigns the
drivers’ anthropometry from the provided height and weight of the driver.
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Based on the transfer functions hgcli,el,fd and the Fourier transforms of the measured excitation time

series dedel (Formula A.1), the software calculates the spinal forces for each excitation location el
(human-machine interface) and excitation direction ed in the frequency domain. Summation over the

excitation locations and directions gives rise to the compression and shear forces f}jdl between the

vertebrae due to the combined excitation:

4 3
dl dl
ffd - 2 Zhed,el,fd “Ued el

el=

led=1

(A1)

where

ffi

dl
ed el, fq

Qed,el

All quantiti
dependent

Fourier tra
which are u

NOTE1 T

NOTE 2 F
domainlZé]-[}

A.3.3 Cal

Since the P:
fractures ca
be counted

NOTE S

sion-decompression force (cd) is used in this document, the force direction
fd =cd.

is the transfer function from accelerations at excitation location
ele {buttock =1, back =2, hands =3, feet =4} in directiofede {x=1,y=2,z=

to forces at disc level dI for force directions fd;
is the Fourier transform of the acceleration at ex¢itation location el in directio

s in Formula A.1 are complex and functions of the frequency. Finally, the complex, frequ
fompression-decompression forces f}g are transferred into the time domain by an iny
hsformation. This results in time dependent compression-decompression forces Cgyn
sed in a subsequent step to calculate a dailycompressive dose value SQ (A.3.3).

he life-time exposure in combination with Sg‘ is needed for the risk factor RA in Annex E.

br Gaussian random signals, it is pogsible to calculate the compressive dose SQ within the frequ
8],

culation of a compressive dose

lmgren-Miner fatigue theory[12][(13][17][21][26][33]-[37][40][41][46] only refers to those fat
used by the compressive forces, only peaks which cause compression at the end plates
(compression ef\the spine is of primary interest for exposure severity).

far, there isno reliable information available about the damage mechanisms caused by shear fd

is the vector of forces at disk level dle {T12-L1,- . ',L5-Sl}. Since only the compres-

w

}

n ed.

ency
erse

(N)

ency

igue
shall

rces.

The comprég
actingont
every disc

Ik

vel. The peak compressive forces are negative values and defined here as a maximum yalue

ssive.dgse SA (MPa) per exposure is defined as the sum of peak compressive forces Cqyn
area of a vertebral endplate B (mm?2). These three quantities are determined separatel

i (N)

for

of the additional compressive force between two consecutive mean value crossings (see Figure A.2).
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Figure A.2 — Sketch for the calculation of Cgyp;{

[

C 6
5,A: z( dI};n,i]

i

vertebral endplate areas are already incorporated in thé.software on the basis of literat
D mm2, L4/L5 1 600 mmZ2, L5/S1 1 550 mm?Z.
e and test methodology from 5 to 14 for_certical and trabecular bone to 20 for cartil

ose of estimating adverse health effects, a conservative exponent of 6 has been chos
hulae (A.2) and (A.3). Due to the 6th.power term, compressive force peaks of a conside

(by
com

In ot
(MP

h factor of three or more) magnitude than the highest peak do not significantly contr
bressive dose.

h) of the lumbar spine which considers j exposures during a day:

(A.2)

ire datal62].

age values for B are for disc-level T12/L1 1 460 mm?;L.1/L2 1 520 mm?2, L2/L3 1 580 ;nm?2, L3/L4

brimental data show that the value of thet‘Palmgren-Miner exponent varies witlh biological

hge. For the
en[15][16] in
rably lower
ibute to the

der to estimate health effects, it is useful to determine the equivalent daily compressive dose Sé*

t
A A6 2y
g4 = 25 VoA (A.3)
) mJ
whefe
A is the dynamic compressive stress of the lumbar spine due to vibration gxposure to
/ Luud;tiuuj,
td,j is the time period of the daily vibration exposure to condition j;
tm,j is the time period over which Sf has been measured.
The analysis of this annex compares a single exposure (j = 1) and assumes tq,1 = 4 h.
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Annex B
(informative)

General relationship between acceleration dose and health effects

This annex applies to people in normal health who are regularly exposed to vibration containing
multiple shocks. Individuals with previous disorders affecting the spine, including those suffering

from

latent osteq

[t is assumg
that over ti
exposure-r¢
The peak c
of endplate
exposure in
segments a
to the disc

Multiple-sh
of the spine

The relatio
exposed pe
is of the bg
increase the

The intervd

multiple mq
[18]-[20][23][4

porosis or other spinal disorders can be more susceptible to injury.

d that multiple shocks cause transient pressure changes at the lumbar vertebral'endp
me can result in adverse health effects, arising from material fatigue processes. Esse
lated factors are the number, magnitudes and rise times of peak compressien in the s
pmpression in the spine is affected by anthropometric data (body mass,-body height,
5) and posturel27](35][58]. Adverse health effects of long-term whole-body multiple-s
clude an increased risk to the lower lumbar spine and the connected nervous system o
ffected. Excessive mechanical stress and/or disturbances of the ‘nutrition of and diffy
[issue can contribute to the degenerative processes in the lumbar segments[32]-[35][57

hship between the predicted pressure changes and ‘the predicted total tolerance o
'son can be used to assess the potential of an adverse health effect. The predicted resp
ny vertebral endplate (hard tissue). A bending forward or twisting posture is like
e adverse health effect.

rtebral disc and paraspinal ligaments and muscles (soft tissue) can be at risk of inju
chanical shock environments for the fellowing reasons, which have been documentedl

ates
ntial
bine.
size
hock
f the
sion
1[58].

bck and vibration exposure can also worsen certain endogenous pathological disturbances

F the
onse
y to

'y in
1[14]

a) The sedted posture can be mechanically-stressful on the disc.

b) Different postures can change the.\way the body responds to multiple loads, inconsistent with the
model ¢onstraints.

c) The intprvertebral disc can-change internal pressure, soften, tear and/or buckle with exposure to
multiple loads.

d) The copdition of the-intervertebral motion segment depends on the proper functioning of the
neuromuscular eontrol system for active and passive stabilization, and therefore to pregvent
bucklinjg.

e) Impact|canh‘be uncomfortable, can be considered an unexpected, sudden load and can lead to an
overcompensating response in the trunk muscles

f) Impact, especially following multiple load exposure, can trigger a buckling event in the
intervertebral motion segment due to an inability of the neuromuscular control system to respond
fast enough in a coordinated fashion.
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(informative)
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Assessment of health effects for exposures that are described in

By u

isa
peal
expq

N

The
body
endf
man

NOT
wom

Whs
risk
be e
(e.g.

the pelvis.

NOT
In IS

In th
The
hum
age

Clause 5

inear relationship between the part of compressive stress that is due to the input;sh
acceleration response in the spine. After calculating the acceleration dose D,q forthe a
sure time [see Formulae (4),(5)], the daily compression dose Sq is obtained by multiplyi

bd = MzD4q

value of m; provides a conversion between acceleration and compressive stress on th
7 in the seated posture. This value represents the mass borne above-the pelvis divided |
late area. For young populations, the percentage of body mass is49 % for menl[67Z][68]. §
and an endplate area of 14 cmZ, the value for my is:

n, = (82 kg-0,49)/(14 cm2) = 0,029 MPa/(m/s2)

1  The equivalent estimate of Formula (C.2) for youfig women would be: 45 % of the body m
an and an endplate area of 11,6 cm?2 leads to m, = 0,025 MPa/(m/s2).

never possible, m, should represent the spé¢ific individual or population for which t
is being calculated. For the most conseryative risk estimation, the highest body masseg
kposed to the shock amplitudes should be used. When additional gear is worn on the td
body armor, heavy equipment, helmets), that mass should be added to the body mass |

£ 2 InISO 3411:2007, the 95t percentile of an earth-moving machinery operator has a mas
D/TR 7250-2:2010, the 95th percentile male person in the US has a mass of 115 kg, and in Japan

is annex, the injury rfisk’is described as a function of a stress variable R [see [I(R) in For
stress variable canbe defined for use in the assessment of the adverse health effects rg
an response acceleration dose. R should be calculated sequentially taking into accour
and reduced’strength) as the exposure time increases. It is defined as follows:

n-1

6
RS Y‘( Saili

—

that there
cks and the
erage daily

le vertebral
by the spine
for an 82 kg

(C.2)
hss of a 64 kg

le exposure
which may
rso or head
orne above

5 of 114,1 kg.
84,0 kg.

mula (C.5)].
lated to the

t increased

(C.3)

i=0

{HLbu,i _'Sstat,i J J

where

N is the number of exposure days per year;

i is the year counter;

n is the number of years of exposure ([n]=1);
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Sd,i

Sstat,i

Su,i

is the daily compression dose related to year i;

is a constantrepresenting the static stress due to gravitational force which depends, for

example, on the body mass for year i;

is the ultimate strength of the lumbar spine for a person of age (b + i) years with b being

the age at which the exposure started ([b]=1).

The value of Sstat should be equivalent to m, multiplied by 9,81 m/s2, i.e. for the values of Formula (C.2),
Sstat = 0,029 MPa/(m/s2) - 9,81 m/s2 = 0,281 MPa.

The value
vitro studie

Su,i = 6;,-
For n years
NOTE3 F
NOTE4 F

i varies with the strength of the vertebrae, which normaily 1S reduced with age. Fro
s[64], the following relationship between Sy ; (in MPa) and b + i (in years) has been defi\

5 Mpa - Sage (b + I)

of exposure, 0 <i < n-1in Formula (C.4). For male individuals, Sage is 0,052, MPa.
br female individuals, Sage is 0,039 MPa.

rmulae (C.4) and (E.2) have been derived in different ways and are, therefore, not identical.

To estimate
analysis wd

five differept studies[121[22][24][25][34][42]. The specimens were both male (n = 78) and female (n

and varied

the R value associated with the risk of lumbar spinal injury~from axial loading, a sur
s performed[66] using the results of 107 human cadavetic fumbar spine fatigue tests

n age from 19 years to 93 years at death. In each of these tests, the specimen was a lur

spinal segnj
and ligam
ranging fr
acceleratio
82 kg malel
the R value
authors. In
general bon

Using a Wg
calculated v

m=1-

where a an
shown in T:
is a signifig
healing in s

eiLtns intact. The segments were fixed at each end and exposed to pure axial, cyclic compreg

ent composed of two vertebral bodies and the intérvertebral disc with posterior elem

404 N to 7 100 N which corresponds .tgr;approximately 1,0 g to 18,1 g lumbar sj
based on an effective torso/head/upperiextremity segmental mass of 40 kg based

was used to quantify the cumulativelead. Determination of injury was made by the orig
fhe cases selected for this analysisyall injuries were classified as damage to the endpla
y structure.

ibull survival modelléél],the probability of lumbar spine damage, 1, from axial loz
sing the R value as follgws:

)ﬂ }
] 5 are gender-dependent coefficients ([a] = [B] = 1); coefficients for males and female
ible C.1.:Values of IT vary between 0 (0 % risk of injury) and 1 (100 % risk of injury). T

ant human variability, and this model does not account for the effects of remodelling
pinal injury that can have a substantial influence over the course of years. The R value]

i

(04

in-

ed:
C.4)

yival
'rTom

29)
nbar
ents
sion
pinal
on a

b2]. Since both the load magnitude and:.fiumber of cycles varied between tested specinjens,

rinal
fe or

id is

C.5)

b are
here
and
s for

10 %, 50 %

211d 90 O/C risk nFin}'nr‘y are shownin Tahle C 2

Table C.1 — Coefficients for Formula (C.5) (lower 95 %, upper 95 % confidence intervals)

18

a B
Male 1,613 (1,460; 1,809) 2,799 (2,168; 3,511)
Femalea 0,959 (0,854; 1,093) 3,709 (2,509; 5,207)

a  Values for female subjects are based on a smaller data set.
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Table C.2 — R values for risk of injury

R value (lower 95 %, upper 95 % confidence intervals)
Risk of injury
10 % 50 % 90 %
Male 0,72 (0,58; 0,89) 1,42 (1,27; 1,57) 2,17 (1,91; 2,48)
Female2 | 0,52 (0,41;0,67) 0,87 (0,77; 0,98) 1,20 (1,04; 1,38)
a  Values for female subjects are based on a smaller data set.

Calculation of adverse health effects is performed as shown in Figure C.1.

Acceleration dose D, [see Formula (3)]

Normalizing D, to the average daily exposure time the acceleration dose yields D 4
[see Formulae (4, 5)]

Calculation of the daily equivalent compression dose S, using
Formulae (C.1) and (C.2)

Calculation of stress variable R using Formula (C.3)
and determination of risk of end-plateinjury using Formula (C.5)

Risk of injury < 10 %: low likelihood of an.adverse health effect for cumulative exposure
Risk of injury > 50 %: high likelihood of afyadverse health effect for cumulative exposufe

Figure C.1 — Flowchartfor assessment of adverse health effects

Assyming a high-impact working.tenure of 120 days/year from age b = 20 to age b + n = 2D + 20 = 40,
duripg which individuals experience five 40 m/s2 accelerations each day, yields a compressive stress Sq
of 1,p23 MPa for an 82 kg male; which leads to R = 1,22.

[

5 6
D,q=1,07 2(40%] ~55,97
= S §

4 =m, 1,7 =0,029-55,97 MPa ~ 1,623 MPa

1
. Al
T °To
20-1 1,62MPa(120)s
R=12, W20 | Ly 5
4| 6,75MPa—0,052MPa(20+i)

Using Formula (C.5) and Table C.2, this indicates a moderate adverse health effect
(10 % < risk of injury < 50 %) for men when exposed to these conditions during the duration of the
entire exposure period.
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NOTES5  The same exposure leads to Sq = 1,40 MPa for a 64 kg female and an R = 0,97, which is associated with
a high risk of injury (50 % < risk of injury < 90 %); see Table C.2).
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Example of digital implementation of transfer function for
exposures that are described in Clause 5

>

dig&ﬂm%ﬁmﬁmmFWMtion [see
orrhula (1)] for an acceleration time history sampled at 256 samples per second canbe obtained

using Formula (D.1) as used by the “Direct Form II Transposed” filter function{implemented in

MATLAB® R2007a:

1(1)- y(n)=b(1)-x(n)+b(2)-x(n—1)+...+b(nb+1)-x(n—nb)-
a(2)-y(n-1)-...—a(na+1)- y(n—na)

(D.1)

where x(n) is the measured signal at step n and y(n) is the filtered signal'at step n. The coefficients a(l)
and p(I) are given in Table D.1, and na = nb = 11. The response of this\function is shown in Figure D.1.

Table D.1 — Digital filter coefficients for a sampling rate of 256 samples per second

1 b a

1 -0,000 005.710 1,000 000 000

2 0,000 020010 -3,323 217 600
3 0,001873 900 4,256 126 150

4 0,014 541 920 -1,980 417 270
5 0,025 152 310 -1,488 735 470
6 -0,014 242 050 3,329 511 290

7 -0,044 262 840 -2,949 072 140
8 -0,008 888 510 1,653 403 410

9 0,017 715720 -0,635 677 800
10 0,010 216 420 0,167 519 420

11 0,002 030 740 -0,028 076 980
12 0,000 055980 0,002 348 730

© ISO 2018 - All rights reserved
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Figure D.1 — Digital filter magnitude and phase response with tolerances
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Assessment of health effects for exposures without loss of contact

with seat surface

E.1

The

mea
anal
softy
cond

for ¢
dura

E.2

The

Ann{
mea
time

a)
b)
‘)
d)
e)
f)

If ex
ther
this
cons

General

software of Annex A calculates a daily compressive dose SdA for every discdevél on

sured acceleration time series and default values for the individual exposure’eonditions
ysis A.3.1). This annex is concerned with the so-called individual analysis which usg
vare described in Annex A. It differs from Annex A only in the choice of the individu
itions (posture, BM], life-time exposure duration, E.2), and in the,cal¢ulation of the ri
very disc level [Formulae (E.1),(E.4)], which describes, on the basis'of Sé* and the life-tin

tion, the risk of spinal injury.

Software input and output (individual analysis)

exposure accelerations have to be measured and provided in the same way as

surements of different machine(s), different pasture(s) and BMlIs, as well as different d4
exposure durations. These data should be\provided in the input file (spreadsheet):

year of birth of the exposed person;

first year of exposure;

ast year of exposure;

duration of the several éxposures/exposure pattern per day;

humber of days of alllexposures/exposure pattern per year;

body height (m) arid body mass (kg) of the exposed person for each year with exposure

posure patterns are changing over the years for the stress analysis of a working li
b is a known physical change of the driver (e.g. increase of the body mass with incr

bx A. By choosing the individual analysis in the seftware of Annex A, the user can comb(ﬂf)

the basis of

[orientating
s the same
hl exposure
bk factor RA

1€ exposure

scribed in
e different
ily and life-

fe and/or if
basing age),

information can be entered in the spreadsheet. Breaks in the life-time exposure his

used

idered. If not all of the information above is avallable the values of the orientating ana

tory can be
ysis can be

assllarger than

109 kg, exposure duratlon for 45 years begmmng at age 20 for 240 days per yearand norahzed to4h
per day.

The result of this individual analysis is the risk factor RA [Formulae (E.1),(E.4)] for the vertebral levels
T12/L1 to L5/S1 for an individual working life with varying exposure patterns and/or physical changes

of the driver. Although RA is calculated on the basis of Sé, the compressive daily dose values are not

included in the output. The values for RA are written in a spreadsheet (output file) and shown on the
screen. In addition, the input information used for the analysis is also written in the output file.

The assessment should be carried out on the basis of the vertebral level with the highest RA values.
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E.3 Risk factor

In general, a risk factor RA for every disc level can be defined for use in the assessment of an adverse
health effect related to the daily compressive dose Saq described in A.3.3. The risk factor RA considers

the year at which the exposure started and the duration of exposure in relation to the age of the exposed
person. For a constant exposure pattern per day in all years from the beginning to the end of exposure,
the risk factor RA is as follows:

1
IR
[ b xAxN U |
Rl B &
k1| Sui —Sstat,
where
gA is the constant daily compressive dose;
d
i is the year counter;
N; is the number of exposure days per year i;
n is the number of exposure years;
A is the ultimate strength of a lumbar vertebra fof7a person of age (b+i) years with b Heing
wr the age at which the exposure started;
gA is the mean value of the compressive-decompressive force in Formula (A.1) divided by the

stati | area of a vertebra endplate B (mm2)[62} for year i.

Sf:i varies [with the bone density of the vertebrae, which normally is reduced with age. From in-yitro
studies, the following relationship between Sfii (MPa) and (b+i) (in years) has been derived, and the

protection ¢f 50 % of a driver populatidnthas been considered herel26][57];

S& =6[765 024 MPa-0,067-184 MPa-(b+1) E.2)

NOTE1 Fermulae C.4 andE.2’have been derived in different ways and are, therefore, not identical.

The averagp daily compressive dose Sé\ for h variable exposure patterns per year is calculatgd in

analogy to the compréssive dose per day for every disc level:

1

A R \a
h
s&=Ysi TJ (E.3)
h

where

gA is the constant daily compressive dose for exposure pattern h;

d,h
Np is the number of days per year with exposure pattern h;
N is the number of days with exposure in the year.
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>

i=1

q
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(E.4)

There is a significant human variability; RA < 0,8 indicates a low probability of an adverse health effect
and RA > 1,2 indicates a high probability of an adverse health effect.

NOTE 2

The risk factor of Formula (E.1) cannot be interpreted as a probability of failure, i.e. RA

=1 does not

correspond to a sure failure. It only indicates that the dynamic load due to mechanical shock has reached the
same order of magnitude as the (static) ultimate strength that the vertebra is capable to resist.

For

he exposure durations given in the orientating analysis (A.3.1), the risk factor for ¢h

b individual

discflevels can be calculated with the following parameters:
1
6 6
548 =| 54 w] (E.5)
tm
_ 1
45 A L |°
Sq -(240)6
RA=| Y ( A) (E.6)
i=1 Su,i _Sstat,i
The [calculation is based on 45 working years with 240 _days of equal exposure (constant Sé\) over 4 h
(14 400 s).
A sefjuential calculation according to Formulae (E.1) or (E.4) with a constant static compressive stress
S_fta = 0,25 MPa for a person who starts being exposed at the age of 20 (b = 20) will reach R4 = 0,8 at the
age pf 65 (n = 45), if the daily compressiye dose SdA is equal to 0,5 MPa. The same person will reach

the 4

NOT
is re
stati

NOT
valug

=[1,2 at the age of 65 if the daily compressive dose 59 is equal to 0,75 MPa. This calculatio

P40 days per year of equal exposure. For application to another number of days of exposy

ppropriate SaA limits are achieved by multiplying the values 0,5 MPa and 0,75 MPa by (

5 3 A =025M

ated to approximately 400 N for a disc area of 1 600 mm2. This is a comparatively low value
C forces tend to'be between 600 N and 1 000 N.

This example\illustrates how the values for RA are calculated. The value of S

4
s and'‘existing experience of adverse effects of long-term exposure might justify a re-evaluation

When more experience of use of this document has been gained, comparison between thef

isbased on

[re per year,
1
P40

S

Pa, however,

inlZ9], where

e Sﬁ‘ and RA
bf the values.

E.4

Transfer function for one set of conditions

This subclause contains an alternative access to the quantities presented in this annex without using
the software. However, this is restricted to a fixed set of conditions as described below. To this end, a
transfer function for the compressive-decompressive force is defined in Table E.1 and Figure E.1, which
can be applied in analogy with Formula (A.1) to a given measured acceleration in z-direction. This
results in the spinal compressive-decompressive force on the L4/L5 spine level. In addition, this force

function has to be transferred into the time domain and the compressive dose Sé* (A.3) has to be
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calculated. The risk factor RA according to Formulae (E.5) and (E.6) is calculated on the basis of 45 years
of exposure starting at the age of 20 with a daily exposure duration of 4 h (orientating analysis A.3.1).

NOTE The transfer function in Table E.1 and Figure E.1 has only been constructed to allow for an alternative
calculation of the R-value. It can only be used in the way presented in this subclause with respect to one signal in
z-direction. It has been constructed to compensate for the effects of the horizontal directions. Therefore, it is not
identical to any of the transfer functions of Formula (A.1).

The risk factor RA obtained in this way should only deviate by 1 % to 2 % from the RA -value calculated
with the software for the following conditions:

1) identical acceleration a, with an unweighted RMS value < 0,65 m/s2 at buttock, back, hands and
feet without excitation in the horizontal directions;

2) comprgssive-decompressive force on the L4/L5 spine level of a person with a body mmass index
larger than 26,1 kg/m?2 and a body mass equal to or above 109 kg in a sitting posturé-according to
model group 3 (see Table A.1 and Figure A.1, typical e. g. for excavators).

Some deviations are to be expected, because even solely vertical excitation leads to little horizontal gpine
movements| which contribute to the compressive-decompressive force. The trdnsfer functions for the
horizontal gpinal forces are not considered in Figure E.1 and Table E.1. Depending on the input files| this
can cause aflowering of the results in comparison with the analysis softwarewhen applying the cod

Y2
Y1 5

70 \,.\
60 [f I'”\ 1
ALY ) ~

O

30
\_\
20 -1
10 | | | | | _ | | |
0 2
0 5 10 15 20 25.°30 f 0 10 20 30 40 |f
Key

f frequgncy, Hz
Y1  amplifude, N-s2/m
Y2 phasefrad

Figure E.1 — Selected acceleration to spine force transfer function (amplitude and phase)

The roughnlessofithe curve in Figure E.1 for the low frequency area is caused by two related effect:
a) The SLWWWTMWmmr the

basicentric coordinate system defined in ISO 2631-1. Therefore, the excitation in z-axis does not
only excite the vertical eigenmode of the model but also the horizontal (fore-and-aft) eigenmode
which is in the area of 2 Hz.

12]

b) Additionally, the forces calculated by the model are given within the local coordinate systems of
the intervertebral discs (compression and shear). Due to the curvature of the lumbar spine and
the seating posture, the inclination of some discs can be quite large. As a result, a fairly large
compression force can be caused by the horizontal eigenmodes during vertical excitation.

The reason why this is not very obvious in the published measurement data, e.g. in seat-to-head transfer
functions, is that the measurements are normally taken in the basicentric coordinate system and that
the internal movements of the vertebra, which lead to the compression forces, cannot be measured.
Additionally, during measurements at the head, subjects are able to partially suppress these movements
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