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1- INTRODUCTION -

1.1- Motivation of the study and aim -

Cockpit motions induced by turbulence are likely to impair aircrew
performance, either by a direct and a short term impact on the task achievement
(e.g. tracking) or by the effects of prolonged exposure on fatigue. In the context of
the certification of large transport aircraft, it is necessary to ensure that cockpit
motions are maintained within acceptable limits and thus, do not significantly
impair the ability of the aircrew to operate the flight. These objectives are
consistent with the requirements of the Joint Aviations Authorities (JAA) (JAR
25.251 and ACJ 25.143), but neither the thresholds nor the measurements are
given in these regulations.

The objective of this work is then to provide the JAA the necessary
information for a basis to develop an advisory material allowing the certification
team to ensure that the induced vibrations are maintained at an acceptable level.

In order to provide information in a practica and useful way, the data
collected in this study are incorporated in a basic database in which motions
features and task components are crossed. It is therefore easy to retrieve published
data on the effects of a given motion on a given task.

1.2 - Scope and limitations of the study -

In order to limit the results of this study to the most relevant information,
the works pertaining to the following aspects have been excluded from the study :
- shocks, g-forces, acoustics,
- passengers and cabin crew,
- Ccrew rest areas, cabin,
- locomotion.

Furthermore, a large amount of work have been conducted on motion
sickness related to low frequency. This work has not been included in this review
asit isnot directly in the scope of thisreview.

On the contrary, addressing the following aspects have been included in this
work:

oscillatory motions and vibration, turbulences,
wide-body aircraft, fixed wings,

pilots,

flight deck.



2- WORKING GROUP PRESENTATION (LAA) -

This work, coordinated by the LAA, is the result of a cooperation among
the European Committee for Aircrew Scheduling and Safety (ECASS) group
which includes 5 Human Factors research institutes :

- the DLR Institute of Aerospace Medicine (Germany),

the TNO (The Netherlands) - Human Factors Research Institute,

QuinetiQ (UK),

the Karolinska Institute (Sweden) - Division of Work Environment and Health,
the LAA (France).

Over the last years, these institutes have developed a broad expertise in the
area of fatigue and performance in the aerospace field and have conducted studies
on vibration.

3- METHOD AND PROCEDURES: LITERATURE SOURCES -

3.1—Literaturereview

About 40 articles have been collected from different database consultation :
- bibliographic database of LAA,
- Ergonomics Abstracts,
- bibliographic database of Institut National de Recherche et de Sécurité,
- bibliographic references from ECASS.

Different handbook and journals have been used :
- Engineering Data Compendium,
- NASA-STD 3000, Applied Ergonomics,
- Aviation, Space and Environmental Medicine,
- Physiological Reviews,
- Journal of Low Frequency, Noise and Vibrations,
- Ergonomics,
- Human Factors,
- other reviews: doctoral thesis of Moseley, M.J. (1986).

The references are given in chapter 9.



3.2 —Classification of flight deck motions

Flight deck motions can be classified into 3 ranges of frequency:
- low frequency (< 1 Hz),

- medium frequency (from 1 to 8 Hz),

high frequency (> 8 Hz).

Moreover, vibrations spread in 3 axis:

- horizontal (from front to rear), (x-axis),

- latera (from right to left), (y-axis),

- vertical (from the top to the bottom), (z-axis).

3.3—Production and use of a matrix to retrieve available infor mation

The different modes of vibrations lead to build a matrix in which motions

features and tasks components are crossed. This matrix was constructed in

Powerpoint. By aclick on acell of this matrix a page opens containing :
the effects of vibrations on task or crew performance,
the physical description of the stressor (frequency, direction, magnitude,
duration, regularity, crest...),
the threshold of acceptability (if available)
the effects of exposure duration,
the conditions of the study (lab, field, aviation or other),
the sample sizes and characterisation : type (pilot or other), experience, gender,
age, body measures...),
the task or measure / activities description : input details (display size, position),
performance measures, training,
additiona comments,
the references of the article.

4- REVIEW OF STANDARDS ON HUMAN EXPOSURE TO VIBRATION -

This section summarizes (inter)national standards on the effects of

mechanical vibration on humans, with emphasis on disturbances to task
performance. Obviously, many other vibration standards exist, but these do not
specificaly address interference with activities, but rather discomfort (motion
sickness), perception, and health and safety. The following documents are
discussed here:

British Standard BS 6841 (1987): “Guide to measurement and evaluation of
human exposure to whole-body mechanical vibration and repeated shock”,



-4-

- 1S0O 2631: Part 1 (1997) “Mechanical vibration and shock - Evaluation of human
exposure to whole-body vibration. Part 1: General requirements’,

- 1SO 6954 (1984) “Mechanical vibration and shock — Guidelines for the overall
evaluation of vibration in merchant ships’,

- 1SO 9996 (1996) “Mechanical vibration and shock - disturbance to human
activity and performance - classification”,

- NASA-STD-3000.

In general, the standards provide procedures for the recording and reporting
of vibrations, as well as methods for calculating a normalized vibration magnitude
that can be used to evaluate the expected effect on humans. To some extent, the
standards also provide guidance for acceptable levels of vibration, although strict
“limits’ are seldom given for it is recognized that these are very context-
dependent. Therefore, the definition of such limits is often left to experts of the
responsible institutions. The evaluation of vibration effects is aways performed
in relation to a specific human response, or so-called “criterion”. The following
criteria are distinguished in the various standards:

- hedlth and safety,

- (dis)comfort,

- perception,

- motion sickness,

- interference with activities,

- fatigue-induced proficiency.

As agreed during the meeting with the ECCAIRS Steering Committee in
Brussels on April 15, 2004, this project is concerned with the criterion
“interference with activities’. The British Standard 6841 (1987) seems to provide
the most useful datain this respect. Therefore, this standard will be discussed in
most detail. However, the ISO 9996 will be briefly discussed first, since it
provides a classification of operator tasks and vibration effects.

4.1 - International standard I SO 9996: 1996(E) -

The 1SO 9996 “Mechanical vibration and shock — disturbance to human
activity and performance — classification” provides an overview on operator tasks
that may be affected by mechanical vibration. Among other functions, it is
recognised that task performance may be influenced by vibrational effects on:

- Visual system (e.g. signal detection, visual acuity),
- Central processing (e.g. pattern recognition, visual search, spatial perception),
- Motor skills.



Possible mechanisms that are mentioned include:
- Direct mechanical interference:
. Degradation of sensory input,
. Impairment of human motor output (i.e. the input to the activity or task).
- Indirect or central effects:
. Impairment of sensory input and perception (e.g. visual function, vestibular
function).
- Impairment of cognitive function:
. Perceptual distraction,
. Spatial disorientation, motion sickness,
. Sopite syndrome, (is numbness or dizziness meant?)
. Arousal level,
. Fatigue.
- Degradation of task execution (motor output).

The schematic representation in Figure 1 summarizes the locations where
vibration may affect a human operator.

HUMAN BODY
Input Sensor Central Output Output
> device (eye) processing (hand) device >
(display) > (CNYS) > (contral)

N N
[ 1 [ ]

H ENVIRONMENT ﬂ

uoRIGIA

uoRIGIA

Figure 1. Scheme of vibration effects on sensori-motor tasks (adapted from Griffin 1990).

4.2 - British Standard BS 6841 (1987) -



- General description -

The BS 6841 (1987) “Measurement and evaluation of human exposure to
whole-body mechanical vibration and shock” describes the possible effects of
whole-body vibration on the effects: (i) health, (ii) activities, (iii) comfort, and (iv)
motion sickness, and applies to frequencies between 0.5 Hz to 80 Hz for the first
three criteria, and 0.1-0.5 Hz for motion sickness. The effects of vibration depend
on its magnitude, frequency, direction, and input position. These variables are
reasonably taken into account in the analysis (see next paragraph). Furthermore,
there are many other factors that determine the effect of vibration, such as
population variables (age, sex, size, fithess, etc.), experience, body posture, and
activities. These variables are much more difficult to generalize, and thus require
an expert’ s opinion as to whether or not the standard applies to a certain situation.

- Quantification of vibration magnitude -

Vibration measurements should take place in body-centered coordinates (as
defined in 1SO 5805 — 1997), and at the locations where the vibration enters the
body. The co-ordinate system for a seated subject is given in Figure 2. It is
recommended that the primary quantity to evaluate vibration levels is the root-
mean-sgquare (RMS) acceleration, after it has been frequency-weighted:

2

]
1
a, = {T [) awz(t)dt]

@ Yaw (r)

z
|

Seat-back Ly Pitch (r,)

] | e
LT

- Roll (r,)

Feet

a) Seated position

Figure 2. Prinicipal basicentric axes for describing vibrational motion in seated
subjects (1SO 2631-1).

Where a, is the frequency-weighted acceleration (in m/s? for translations,
and rad/s® for rotations), and T is the duration of the measurement (in s).
The standard gives six different frequency weightings (w) for the principal body
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axes and for the various points where vibrations are transmitted to the body
(see Table 1). For this project, weightings Wd and Wg that apply to hand control
and vision (shaded columns) are of specia interest. Frequency weightings result
from so-called equivalent comfort contours, that are experimentally obtained
(e.g. Corbridge and Griffin 1986). These contours show how much the vibration
magnitude should be lowered or raised to create the same comfort level at
different frequencies. A frequency weighting curve can be considered the inverse
of equivalent comfort contours, and is used to calculate the “effective” vibration
magnitude from the measured time histories. By this way, the effect of vibrations
at different frequencies and directions are scaled to a certain reference value.
Figure 3A and B depict the frequency weightings Wd and Wg, respectively.

Frequency | Health Hand Vision | Discomfort | Perception | Motion
weighting control sickness
Wb Z-seat | - - z-seat z-seat -

X-,y-,z-feet
z-standing | z-standing
vertical vertical lying
lying
Wc X-back | - - X-back - -
wd X-seal | X-seat - X-seat X-seat -
y-seat y-seat y-seat y-seat
X-,y- X-,y-standing
standing horizontal
horizontal lying
lying
y-,Z-back
We - = = Iy,ly,f;seat | - -
W - - - - - z-
vertical
Wg - Z-seat Z-seat - - -

Table 1. Frequency weightings used in BS 6841: 1987
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Figure 3A. Frequency weighting curve Wd for x- and y-axis acceleration of the seat
(BS 6841: 1987)
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Figure 3B. Frequency weighting curve Wg for vertical accelerations of the seat
(BS 6841:1997)
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The RMS is considered appropriate as long as the vibrations are “well-
behaved”, such as with continuous sinusoidal motion. However, when the motion
contains occasiona shocks or transient vibrations, its magnitude with respect to
comfort is underestimated by the RMS. The decision whether a vibration should
be considered continuous or transient, is usually based on the crest factor, i.e. the
ratio between peak accel eration value and root-mean-square:

peak a,,
rrms

crest factor =

This standard considers the RMS as inadequate to assess the effects of
intermittent or transient motions with a crest factor that exceeds 6.0. In those
cases, a fourth power method is recommended.

In relation to the criterion heath, the use of the Vibration Dose Value
(VDV) isrecommended, which is defined as follows:

T

VDV = {j [%(t)]4dt}%

0

Where ay(t) is the frequency-weighted acceleration (in m/s’for translation,
and rad/s? for rotation), and T is the total period (in s) of exposure. The unit of the
VDV is m.s™™. The VDV is a cumulative measure, giving an estimate of the
total vibration energy that a person is being exposed to, which makes the VDV
particularly suitable for quantifying intermittent exposures.

The VDV can aso be approximated by the estimated VDV (eVDV),
asfollows:
eVDV=l4aWT%'

Where a, is the frequency-weighted RMS acceleration (in m.s? or rad/s?),
and T is the duration of exposure (in s). For regular motions, such as sinusoids,
the eVDV will produce a larger estimate than the “true’ VDV, while for
vibrations with a high crest factor the VDV will yield a smaller estimate than the
VDV. The British Standard recommends the use of the VDV for variable periods
of high and low vibrations. Furthermore, it is stated a VDV in the region of 15
m.s>" will cause “severe discomfort”, and that “increased exposure to vibration
will be accompanied by increased risk or injury”. A similar limit for milder levels
of discomfort is not presented in the standard, although table 2.2 in the previous

section of this report may give indicative values.
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In addition to the VDV, the root-mean-quad (RMQ) is defined for use with
the criterion comfort:

17 < 1" vov
r.mg.= ?“aw(t)] dt; = T%

0

Where a, is the frequency weighted acceleration (in m/s%, or rad/s?), T is
the duration of measurement (in s).

- Exposure limits -

Similar to other standards, this standard does not provide definite vibration
limits, but tentative numerical guidance for the different criteria is presented in
Annexes, based on consensus of opinion on possible effects. Still, at various
places in the standard it is marked that the application of these numbers may
depend on the situation and the activity of the persons.

- Evaluation of vibration with respect to effects on human activities -

Together with Appendix B, clause 5 of BS 6841 concerns the evaluation of
the effects on human activities of vibrations transmitted to the body in the
frequency range 1 to 80 Hz. As could already be recognized from the weighting
factors Wd and Wg in Table 1, the guidance on this matter applies only for seated
subjects.

The frequency weightings nicely summarizes, and is largely in agreement
with, findings on the vibration effects on visuo-motor tasks as described in various
papers (e.g. Lee and King, 1971; Moseley and Griffin, 1986; Griffin and Hayward
1994; Moseley et al. 1982; Huddleston 1970; Griffin 1976; McLeod and Griffin
1990; Collins 1973).

No clear data are available on vibration effects on speech, postural control,
cognitive processes, attention, and fatigue. Therefore, clause 5 primarily relates to
the effects of vibration on the coordinated control of hand movements and vision.
Only effects are considered that arise during the exposure to low-crest factor
motion. Long-term effects fall outside the scope of the standard.
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- Hand manipulation -

Effects on hand-controlled tasks depend on the vibration magnitude,
direction and point of contact with body. Task characteristics are also relevant
(such as hand-held control device), so that precise guidance is difficult. The
relative effects on task performance may be assessed from the frequency
weightings Wd and Wg. In situations where there is vibration of the body and the
control, Wd may also be applied to x- and y-axis vibration, and Wg to z-axis
vibration measured on the controls. The coupling of the hand with some controls
may require additional multiplication of the frequency-weighted acceleration
before assessing the effects.

Tentative limit

As arough indication it is mentioned that where hand (or finger) control is
required to an accuracy of within 5 mm r.m.s, the weighted acceleration
mangitude in any axis should not exceed 0.5 m/s%, thus: ay < 0.5m/s”. With less
resolution, the weighted values should be increased in linear proportion.

- Vision -

Of al perceptual mechanisms, vision is most easily affected, since only
small movements of visual image over retina may already degrade visual acuity.
The effects depend on vibration magnitude, frequency, and direction. Other
variables involved are illumination, viewing distance, form and size of viewed
objects. Moreover, effects depend on whether the human body, the object, or both
arevibrating. Interaction effects between motions in more than one axis may lead
to larger decrements in vision than motion in either axis alone. This largely
depends on the phase rel ationship between the two motions.

The relative effects on vision may be acquired by frequency weighting Wg
that applies to vertical motion of the seat. Although x- and y-axis vibration of the
seat surface seems to have no effect on affect vision, it is mentioned in a note that
it is recommended to always report these vibrations using Wd in relation to vision,
since vibration of the backrest in the x-direction does influence visua
performance.
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Tentative limit

The current consensus that is included in Appendix B says that the
frequency weighted acceleration should not exceed 0.5 m/s? in order to resolve
visual detail less than 2 minutes of arc at the eye. For every increase by a factor
V2 in the size of the detail, the vibration magnitude could be doubled.

These figures are based on a 5% increase in error reading rate in
alphanumeric reading tasks, and assumes persons with normal vision (Schnellen
acuity of 6/6 or better), and optimum contrast and illumination.

- Discomfort -

Although discomfort has not the highest priority to this project, the
provisional guidance on this criterion is briefly presented here. Table 2 provides
some rough indications of the relationship between frequency-weighted
(weighting factors WA and W) vibration magnitude and feelings of (dis)comfort.
Again, the values are not meant as absolute limits, but represent the current
consensus. However, various experiments a¢ TNO Human Factors have shown
that the values in Table 2 often underestimate the subjective discomfort rated by
subjects.

Value Comfort rating

Less than 0.315 m.s* not uncomfortable
0.315t0 0.63 m.s” alittle uncomfortable
0.5to 1 m.s? fairly uncomfortable
0.8t0 1.6 m.s? uncomfortable

1.25t0 2.5 m.s? very uncomfortable
Greater than 2 m.s? extremely uncomfortable

Table 2. Expected discomfort for frequency-weighted RMS
(from Annex C, BS 6841 1987).
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4.3 - International Standard 1SO 2631-1 (1997) -

Among the ISO standards, the 1SO 2631-1(1997) “Mechanical vibration
and shock — Evauation of human exposure to whole-body motion — Part 1:
Genera requirements’ is the most appropriate to the problem at hand. The latest
revison of the 1SO 2631-1 was strongly influenced by the BS 6841 (1987).
Because 1SO is not concerned with the criterion “human activities’, we will not
describe this standard in much detail here.

Similar to the British Standard, 1SO also recommends the use of the RMS
as the principa vibration quantity. However, it employs a maximum crest factor
of 9.0 for motion regularity, as opposed to a crest factor 6.0 used in the British
Standard. Besides the use of VDV and RMQ, 1SO suggests to use the Maximum
Transient Vibration Value (MTVV) with higher crest factor motions. The MTVV
is calculated from the running r.m.s.:

%)

. 1 2 &
running r.ms. a,(to) = | - “aw(t)] dt

to-7

Where a(tg) is the instantaneous frequency-weighted acceleration
(inm.s?), ristheintegration time for running averaging (usually 1s), t is the time
as integration variable, and ty is the instantaneous time. From this, the MTVV is
determined as the maximum value of a,(to) that occurs during period T.

4.4 - International Standard | SO 6954 (1984) -
- General description -

The standard 1SO 6954 (1984) “Mechanical vibration and shock -
Guidelines for the overal evaluation of vibration in merchant ships’ offers
methods for evaluating vibration of ship structures “based on technical as well as
human performance/discomfort criteria.” It is applicable to turbine and diesel-
driven merchant ships of at least 100 m length, and to vertica and horizontal
vibrations in a frequency range of 1-100Hz. For the measurement of vibration
data, reference is made to SO 4867 (1984) and I1SO 4868 (1984). The latter two
documents are primarily concerned with vibrations of the superstructure, excited
by the propulsion system and the main machinery, thus it can be assumed that this
isalso the case for 1ISO 6954.
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- Quantification of vibration magnitude -

The standard recommends to analyse the vibration magnitude by means of
the peak acceleration value (in m.s?), aso referred to the “Maximum Repetitive
Value'. The maximum repetitive value is defined as the product of the RMS and
the crest factor (CrV2). When C; can not be determined experimentally, a tentative
value of 1.8 should be assumed. How the peak value of a complex vibration,
consisting of multiple frequency components, must be determined, is not
specified.

- Comfort boundaries -

In contrast to ISO 2631-1 (1997) and BS 6841 (1987), this standard
provides absolute guidance on the acceptable level of vibration. A range of peak
acceleration values is presented which is confined by two comfort boundaries: a
lower limit below which “adverse comments are not probable’, and an upper limit
above which “adverse comments are probable.” In the frequency range from 5 to
100 Hz these levels are given in terms of constant velocity, and for frequencies
under 5 Hz (1-5Hz) levels are in terms of constant acceleration. The lower and
upper limit are 0.126 m.s? and 0.285 m.s?, respectively. It is not explained how
these limits have been determined. Obvioudly, the limits must be coarse
approximations, since the constant velocity and acceleration is much simpler than
the more detailed frequency weightings presented in 1SO 2631 and BS 6841.

- Perception thresholds -

Griffin (1990) provides values for the expected strength of perception of
vibration magnitudes. These values are of specia interest, since they fill the gap
between the absolute threshold of vibration perception (about 0.0015m.s?) and the
lower threshold for discomfort (about 0.3m.s?). The values are presented in
Table 3.

Perception strength weighted RMS (m.s?)
Very strong perception 0.16 —0.315
Strong perception 0.08-0.16
Very clear perception 0.04-0.08
Clear perception 0.02-0.04
Perception probable 0.01-0.02
Perception improbable 0.005-0.01

Table 3. Perception of frequency weighted RM S vibration (Griffin 1990).
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4.5 - NASA-STD-3000 -

This NASA standard is related to the physical environment in space
operations, and as such it provides exposure criteria to vibrations. Compared to
the other standards, the text is rather compact, and emphasis is given on graphical
presentation of limits. Also in contrast to the other standards, the NASA STD-
3000 provides guidance on fatigue decreased proficiency, but this will not be
further reviewed here.

- Performance effects -

The standard recognises that performance may be degraded by modified
perception or control movements. The frequencies of observer motion that
produce visual blur are shown in Figure 4 for displacement amplitudes subtending
more than +2 minutes of arc (based on a visual acuity of about one minute of arc
visua angle).

QuickTime™ et un décompresseur
Photo - JPEG sont requis pour visualiser
cette image.

Figure 4. Vibration boundaries for 2 minute of arc visual angle
(taken from NASA-STD-3000).

Vibration effects on hand-controlled tasks are said to be greatest at 5 Hz.
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4.6 - Conclusion -

This review reveded that, due to limited and sometimes contradicting
experimental data, the (inter)national standards do not provide detailed numerical
guidance on the exposure limits to vibrations. Besides a rough graphical
presentation of boundaries in the NASA-3000, the only standard that presented
indicative values of the effects of vibration on task performance was the British
Standard. Although it is explicitly stated in the document that the vibration
effects are task-dependent and additional analysis may be required, the suggested
frequency-weighting is in correspondence with the literature on this matter.
Therefore we conclude that, to our knowledge, the guidance given in BS 6841
(1987) is the most useful to the question of this project that is currently available.

5- RELEVANT ANTHROPOMETRIC DATA -

The effects of vibrations may vary according to the anthropometric
variability of the population. Therefore, it is necessary to take into account this
variability in the measures and the interpretation of the effects of vibrations in the
flight deck. This can be done by using anthropometric standards that are used for
workplace design. The table 4 shows the main anthropometric criteria based on
ERGODATA database and NASA-STD-3000. The figure 5 gives the definition of
these measures. The criteria (from 5% to 95%) should be used to select a
population to be included in the measures of vibration. These criteria concern
three main components (number in brackets refer to table 4 and figure 5):

- the seated posture (from 1 to 10),

- the reach area and manipulation which are determined by the length of the arms
(11 and 12),

- the vision that may be impacted by the head mass. This mass can be detected
from the volume of the head (13 to 15).

6- CLASSIFICATION OF PILOT TASKS-

In order to help the retrieval of relevant data, the references have been
ordered into a matrix where vibrations features are crossed with main pilot tasks.
The classification of pilot tasks have been established using a simple separation of
demands (table 5): sensory (input), central processing and motor activities
(output). Several tasks may cover 1 or two kind of demands. For example tracking
which is amotor activity needs a sensory input.

Well-being has been included as it is a factor that is often cited as affected
by vibrations. It coversthe 3 demands.
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Demands
Tasks Sensory (Input) | Central processing | Motor activities
(outpout)
Tracking X X
(e.g. sidestick)
Manipulating X
(e.g. programming,
selecting, E)
Reading (check- X X
list, displays, E)
Communicating X X
(ATC, crew)
Weéll-being X X X

Table 5. Pilot tasks and main demands classification.




Anthropometric criteriafor workplace and rest area design

(ERGODATA database and NASA -STD-3000 M an-Systems I ntegr ation Standar ds)

Female Male
Nb Mesures M easur ements ERGODATA 5% 50% 95% 5% 50% 95%
1|Stature Stature STATURE 1489 1570 1651 1697 1799 1901
2|Taille Assisredressé Sitting height VTEXSIE4 783 848 912 889 942 995
3|Hauteur Y eux-Siege Eye height, sitting YEUXSIE4 681 738 796 768 819 869
4{Longueur Fesse-genou Buttock-knee length PLPFESGENG 489 533 578 568 613 658
5(Hauteur Genou-Sol Knee height, sitting GENSOLG6 416 456 495 528 567 609
6|Fesse creux poplité Buttock-popliteal length PLPFESCRPOP6 379 417 455 469 512 555
7|Hauteur creux poplité-sol  [Popliteal height CRPOPSOL6 347 383 419 406 444 481
8|Largeur maxi fessesassis  [Hip breadth, sitting LARMAXFESG 304 337 370 346 384 423
9|Largeur coude a coude Forearm-forearm breadth LARCDECDE 408 487 566 488 551 615
10(Largeur des épaules Bideltoid (shoulder) breadth LARBI2DELT 356 389 421 446 489 532
11{Longueur main-avant bras [Forearm-hand length OLECDACTY 373 417 446 437 473 508
12(Longueur épaule-coude Shoulder-elbow length ACROMOLEC 272 298 324 337 366 394
13|Largeur téte Head breadth LARMAX TET 144 156 168 148 157 165
14{L ongueur téte Head length LONMAX TET 167 182 196 188 200 211
15|Périmétre téte Head circumference PERTET 532 552 572 555 578 602

Vauesin millimeters

These values are derived from different surveys concerning worldwide population including East South

Asia countries

Table4

_8'[_
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Figure 5. Definition of anthropometric criteria (see table 4).
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7-SYNTHESISOF RESULTS-

There is not much literature available on the effects of vibration in aircraft
on aircrew performance and fatigue. Hence, valid relationships related to motion
acceleration and frequency (especialy in the relevant range from 0.1 to 4 Hz) and
corresponding thresholds above which performance declines and fatigue increases
have not been established yet.

A total of 70 references have been collected and analysed. Out of these 70
references, 25 studies relevant for the objectives of the project were analysed in
detail and integrated in a matrix describing both independent and dependent
variables. For each physiological and psychological parameter, the main effects of
relevant motion were summarised into a table with regard to performance and
fatigue (effects of exposure duration). Furthermore, the sample, the experimental
set-up and design of each study were outlined. This matrix has been integrated
into a simple tool, a Powerpoint presentation. The first slide presents the matrix
structure where al the tables can be easily accessed by clicking on the cells. In
each cell the number of references included is presented. As some studies cover
severa factors (e.g. several frequencies or axis) a single reference can be found in
several cells. This matrix can be easily updated by adding new references. All the
tables are also provided in the Appendices of this report. The references have been
selected among the most relevant studies regarding the objectives of this review.
Thisis the reason why there is a mgjority of references in the medium frequencies
(42 out of 67). Furthermore, most studies included in this matrix are focussed on 2
tasks : tracking (19 references) and reading and data processing (34 references).
Only a few studies dea with selecting (1 reference) and communication
(4 references).

The main results of severa papers are given below.

The different kinds of vibrations have different effects on physiological
functions and human performance components (e.g. tracking, visual and auditory
tasks, displays reading, communications).

Griffin and Hayward, in 1994, observed a decrease of speed and efficiency
reading with subjects under 0.5 to 0.63 Hz lateral vibrations. Malvache, in 1983,
specified that rolling motions (vibrations in z-axis) were less disruptive
movements than twisting (y-axis) and pitching (x-axis). For low frequency
vertical vibrations, performance impairments in manual tasks may be reduced by
colliminating relevant displays (Mc Leod and Griffin, 1990).
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Hall (1985) found that errors in tracking tasks increase significantly as a
function of RMS acceleration.

Generdly, these low frequency vibrations are responsible for motion
sickness, as described by Roure (1982) : e.g. paeness of skin, perspiration,
sickness, nausea

For higher frequency vibrations, Mc Leod and Griffin showed in 1988, that
disruption of continuous performance increased from 4 Hz, up to 15 % at 5 Hz. A
visual mechanism is assumed to account for the increased disruption at higher
frequencies. Subjects under about 5 Hz vertical vibrations presented a significant
decrement of their tracking task performances, visual acuity and higher reaction
time than static condition (Grether et al, 1971). Nevertheless, authors did not
observe performance modification in communication task or mental calculation.

Tracking performance on the x-axis is consistently better than on the z-axis.
Holland, in 1967, found that the 5 Hz spectrum was the most detrimental on
tracking performance.

Nevertheless, Shoenberger (1967) thinks there is very little evidence that
vibration induces performance decrements. direct mechanical interference with
the motor aspects of the task is the most significant factor contributing to
performance decrements. But he showed that vibration produces significant
effects in probability monitoring response time at 5 Hz and in warning lights
detection at 7 Hz and 11 Hz.

Some papers cover the combination of vibration and other stressors, in
particular noise. Some of them show that there is an additive detrimental effect of
noise and vibration on tracking task performance (Harris and Sommer, 1973),
with a greater impact of vibration on the vertical part of the tracking task than on
the horizontal.

Other studies have shown that combined-stress conditions (heat, noise,
vibration) was less disturbing to the subjects and their performance better than
with vibration alone for tracking and complex psychomotor tasks (Grether et a,
1971 ; Harris and Shoenberger, 1980), and for communication tasks (Grether et a,
1971).

Besides, a modification of quality of speech is noted with vertical medium
frequency vibration (Bond and Moore, 1990) with an increase of amplitude
modulation and voice tremolos (about 15 % in comparison to the control
condition).
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Nixon and Sommer (1963) showed that pilot communications were less
intelligible when vibrations were horizontal, at 6-8 Hz, and seated pilots were
dlightly inclined. In this condition, pilots tend to shorten communication duration
(Vilkman and Manninen, 1986), voice tremolos appear, and vowels are splitted
(Bond and Moore, 1990). Lewis and Griffin (1980) showed reading performance
decrements (errors, lowness) at these same frequency ranges.

Reading task is also disturbed by horizontal and vertical medium frequency
vibrations. But horizontal vibrations have a more important effect on reading
speed than lateral vibration probably because of transmission of vibration by
backrest seat (Griffin and Hayward, 1994).

Moreover, for frequencies below 4 Hz, display vibration produces the
largest performance decrements (Moseley and Griffin, 1986). Whole-body
vibration with a stationary display produces significantly worse performance than
simultaneous vibration of both subject and display, but significantly better
performance than display vibration alone.

Shoenberger (1967) considers that sinusoidal 5 Hz frequency vibrations
have a positive effect on performance because they reduce responses latency to
visual stimuli. These vibrations also reduce performance decrement in an auditory
vigilance task (Wilkinson and Gray, 1974).

Poulton (1977) explains also the positive effect of 5 Hz vibrations on
performance by an increase of activation of resonance frequency of trunk. At this
frequency, shoulder muscles vibrations amplitude is 2.7 times higher than at the
buttocks (Guignard, 1965).

However, trunk muscles voluntary contraction allows reducing this
amplitude. This contraction increases the activation of the central nervous system,
with abeneficia effect on vigilance.

Nevertheless, at 7 and 11 Hz, the subject relaxes trunk muscles in order to
try to reduce the vibration amplitude at the shoulder. This relaxation leads to a
decrease of the activation.

Performance in tracking tasks decreases according to the amplitude of
vibration. Tracking performance also decreases according to the direction of
vibration : vertical tracking is more impacted by vertical vibration. Horizontal
tracking is more impaired by lateral vibration.
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On the other hand, with tri-axial vibrations, Shoenberger (1967) notices that
x-axis and y-axis vibrations provoke more impairment of vertical and horizontal
tracking, than z-axis vibrations.

Vibrations effects on tracking or other motor tasks are explained by their
direct mechanical action on the body: they interfere with subjects motion
(Grether, 1971).

These results are more significant for high frequency vibrations (above 8-10
Hz). But the importance of the effect depends also on the type of seat (with or
without backrest, with or without stationary foot rest) and the axis of vibration
(vertical, lateral, horizontal) (Lewis and Griffin, 1980).

In particular, the effects of vibration level on reading accuracy are
significant at all the highest frequencies of z-axis vibration (up to 63 Hz). They
are also significant for x-axis vibration with arigid flat seat with backrest, but not
for x-axis vibration with a rigid flat seat, without backrest but a stationary foot
rest, or for y-axis vibration with either seat.

The effect also depends on the nature of vibration, sinusoidal or random.
In example, Moseley and Lewis (1982) showed that random vibration produced
significantly less effect on reading performance than sinusoidal vibration of
similar frequencies. Measurements of rotational head motion show that it is due to
differencesin the eye velocity distributions produced by different motions.

As medium frequency vibration, 8-25 Hz vibrations modify speech quality,
with an increase of amplitude modulation and voice tremolos, about 30 % in
comparison to the control condition (Bond and Moore, 1990).

Floru et a. (1987) studied effects of sinusoidal vibrations on pilot
performance. Among sensorial modifications, visual acuity decreases with 15-25
Hz vibrations, for vision at 4 meters. Visual acuity for vision at 0.4 —to 1 meter
distance is more reduced by 5 Hz vibrations. An increase of lighting improves
visual acuity.

Berthoz studied effects of very high frequency vibrations on subjects, and
showed a visual acuity decrease, between 20 and 40 Hz. Between 60 Hz and 80
Hz, he showed performance decrements (increase of reaction time, errors in
manual pursuit tasks...). Between 50 Hz and 80 Hz, some reflexes are suppressed,
and between 20 Hz and 200 Hz, subjects can feel an illusion of limb movements
or length variations, due to the stimulation of musculoskeletal mechano-receptors.
A long-term exposure can produce modifications of vibro-tactil perception
threshold, and pain detection threshold.
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But finally, not many studies deal with long-term vibration exposure, in
particular in the aviation field.

Village and Lott (2000) submitted drivers to vibrations with an acceleration
higher than 0.63 m/s? during 8 hours. Back pains appear, confirming Haex's
results on measurements and modelling of the skeleton under low frequency
vibrations. Their results show that back muscles are an inefficient protection
system against vibrations.

Seidel and Heide (1986) studied effects of long-term vibration exposure
applied to the whole body. It results in a high risk for health, in particular for the
vertebral column and peripheral nervous system (lumbago, sciatica, and curvature
of vertebral column).

Hornick and Lefritz (1966) noted a decrement of performance to visual
stimuli during a 4-hour exposure to random 1-2 Hz vibrations. But Grether (1971)
attributed this effect to the impairment of visual functions.

8- RECOMMENDATIONS -

The recommendations derived from this work are classified into 3 main
topics:
- measures and instrumentation procedures,
- definition of thresholds,
- recommended research actions.

8.1 - Measures and instrumentation procedures -

As vibrations are filtered by the body, it is hecessary to measure vibrations
at different locations on the body. Taking into account the position of the main
activities of pilotsit is recommended that measures should be taken:

- on the head, especially on the forehead. This will allow to capture the vibrations
induced on the eyes and then their impact on vision and audition. Furthermore,
the location of the sensor on the head should be achieved regarding the
anatomical references on the head,

- on the left and right hands as they are mainly involved in the interaction with
commands and entering data activities.
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However, measurements at these different locations of the body should be
complemented by data assessment at different locations of the cockpit:
- displays and keyboards,
- gidestick or rudder,
- seat and armrest.

These data measured both on the pilots and on the cockpit elements should
be compared in order to measure the differences between the vibrations
(frequency and acceleration) received by the body and these elements. In fact, the
larger the differences, the higher the impact on performance.

The instrumentations to be used should be tri-axial accelerometers in order
to capture the vibrationsin the 3 axes: x, y and z.

Considering the large variations in the level of vibrations and the crew
activity and communications induced by the different flight phases (take-off,
climb, cruise, descent and landing) these measures should be conducted in these
various phases of real flights and/or in high fidelity simulators.

The large variability between individuas should be also taken into account
and it is therefore recommended that these measurements should be applied on a
sample of pilots presenting various anthropometrics features. The NASA-3000
standards already presented in the chapter 5 should be used to select the pilots on
whom the measures will be done.

8.2 - Thresholds definition -

Although various standards are existing on the impact of vibrations on
performance (see chapter 4), more of these standards provide task-oriented
threshold. The various data provided in this review allow to give some
orientations.

The table 6 shows some tentative boundaries on sensitive frequencies for
which published data have been found in the analysed references. The last column
of the table gives the number of papers pertaining to each task and included into
the matrix. It shows that for most tasks the sensitive frequencies are found in the
middle frequency ranging from 1 to 20 Hz. For manipulating task, the value is
based on 1 relevant study and no upper limit can be provided.
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Pilot Tasks Sensitive Frequency (Hz) | Number of
Tracking 3> SF >8 19
Manipulating 4> SF >7? 1
Reading 56> SF >11.2 31
Communication 1> SF>20 4

SF : Sensitive Frequency

Table 6 : Sensitive vibration frequencies affecting performance indifferent
pilot task.

8.3 - Recommended resear ch action -

Considering the scope of this review that excludes works about motion
sickness, low frequency vibrations constitute a minor part of this study. This
explains that there is no article about the impact of these vibrations on tracking,
manipulating or communication tasks, as it can be noticed in the matrix.

On the contrary, medium frequency vibrations constitute the bulk of
research, in particular concerning tracking, reading and data processing tasks.
Nevertheless, it is worth to note that the effects of vibrations on pilot tasks such as
manipulating and communicating should be more investigated as these tasks
would be more and more prominent in future arcraft such as the A380 (e.g.
manipulating a trackball). Furthermore, vibrations but has not been studied would
heavily affect the use of tactile displays.

In the field of aviation, high frequency vibrations seem to be less relevant
asthey involved tools on machines generating high frequency.
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9 - CONCLUSION -

The review presented in this report covers the potentia impacts of flight
deck motions on pilot performance. Existing standards have been analysed in this
review. However, this analysis shows that these standards do not provide task-
oriented thresholds which are needed for instance for the certification of aircraft.
Therefore an extensive review of literature was needed to try to (1) identify the
main impacts of vibration on pilot tasks and (2) identify the frequency ranges or
tasks that have not been sufficiently studied in previous works. More than
70 references have been analysed and 25 have been selected for their relevance
regarding the scope of this study (i.e. civil aviation aircrew). In order to make this
information useable, they have been analysed in a standardized way allowing their
inclusion into a matrix crossing different pilot tasks and frequency ranges and
directions. This matrix has been included into a Powerpoint presentation to allow
an easy access to the information. From this analysis, it has been possible to
provide for each category of the pilot task some boundaries indicating the
sensitive frequency ranges. As expected, the most sensitive frequencies are within
the middle frequency ranges. However, for some tasks, such as manipulating,
theses boundaries are based only on a smal amount of data. It is then
recommended that more studies should be conducted on these kinds of tasks
which are more relevant for civil aircrew. In fact, the design of modern aircraft is
likely to increase the interactions of pilots with keyboards, trackball and these
manipulations might be largely affected by flight deck motions. The principles for
measuring flight deck motions are also presented in this review. It is
recommended to measure vibrations both on the various elements of the flight
deck (display, sidestick,...) but aso on the pilot him(her)self. The data
interpretation should take into account the differences between the vibrations
measured on the pilot and the flight deck. These measurements should be applied
taking into account the anthropometric criteria presented in this report as the
variability between pilots may affect the effects of vibration on their performance.
Furthermore, these measures should be taken for different phases of flights as the
induced vibrations and task may vary largely between these phases.
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