Construction and use of Biomechanical Profiles to determine
degree of difficulty in a task, the level of training, skill,
and aptitude of a worker, and to demonstrate better methods

that improve performance. Example illustrates application.

E. R. TicHAUER. H. GAGE, L. B. Harrison, New York University, New York, New York

&

Use of Biomechanical Profiles in work

It is the purpose of this paper to
show how Biomechanical Profiles
are constructed and how they can
be applied to estimate the ease or
difficulty with which a task can be

mpcrfonned Likewise, the status of
training, skill, and” aptitude of the’

individual assigned to a job can be
evaluated. Finally it is shown how a
Biomechanical Profile can be em-
ployed to counsel workers with re-
spect to attaining more proficient
levels of performance. The example
chosen is a simulated assembly task
requiring a fairly high level of eye-
hand coordination.

Background

Since the beginnings of scientific
management,- Reference 1. most
practitioners of work measurement
have evaluated the efficiency of
manual work principally on a time
basis. A notable exception were the
Gilbreths, who first questioned in-
dustrial ‘standards for performance
with respect to their relationship to
the physical and emotional effort
expended by a worker as related to
the specific geometry of workplace
design, as well as to the general
physical factory environment, Ref
erence 2.

These c.nrly \sorkcrs already ful-
ly established the scientific rationale
behind the disciplines of ergonomics
and biomechanics as practiced to-
day. Nevertheless they lacked in-
strumentation adequate to conduct
experimental investigations into the
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physical effort expended by individ-
ual muscles in the performances of
specific tasks. Likewise, the sequenc-
ing of action and effort levels of the
various muscles involved in manip-
ulative and other body maneuvers

“were beyond the investigative tech-

nology available then.

The Gilbreths were simply fifty
years ahead of their time, Their mo-
tion measurement devices, such as
the ergograph and chronocyclo-
graph, were restricted to the taxo-
nomic description of displacement
patterns of external anatomical
reference points during motion. No
physiological or functional input-
output relationships between mus-
cular activity and motion produced
could be established by the pioneers
of work measurement.

The first mention, in 1925, of
electrophysiological ~processes as
basic to the scientific study of work
is found in the works of Segur: “The
basis of Motion-Time-Analysis lies
(in the fact) that the mechanism of
the human body is primarily a
chemical engine. . . . : Average speed
of a nerve reaction . . . is 0.000045
minute per foot. . . . average num-
ber of messages (per) nerve path ...
is 5,000 per minute. . . . average
time to complete a . . . response to &
nerve impulse is 0.000064 minute

. The units into which these re-
action times are built depend en-
tirely upon the intended use of the
data. For a fixed use, they can be
built into a simple set of standards,”
Reference 3.

At the same time, and unknown
to Segur, a report was published by
Adrian, Reference 4, in which he
stated that the level of electrical
activity in human muscle could be
measured during movement. This
author was among the first to use
the term electromyography. From
Adrian onwards, the development
of electromyography for medical
purposes has been pmcucall) a con-
tinuous process.

Karpovich. Reference 5, was
among the first to use electrogoni-
ometry in the measurement of range
and strength” of joint motion of
athletes. Somewhat later, Basma-
jian, Reference 6, used electromyo-
grams as descriptive indices of mus-

cle sequencing in. occupational
maneuvers. About this time, elec-
trophysiological  instrumentation

and procedures were sufficiently ad-
vanced to encourage the develop-
ment of applications of electromy-
ographic kinesiology to work study.
Notable contributors were Carlséo,
Jonsson and Steen. and Pauly and
Scheving, References 7, 8 and 9.

As a result of recent developments
in electronics, both electrogoniome-
try and electromyography have been
refined to yield a variety of param.
eters’ of human movement. In
1968, Tichauer, Reference 10,
selected the most important of these
parameters and combined them in-
to a simultaneous and single re-
cording which he named the “Bio-
mechanical Profile” —a term which
is now generally accepted.



‘measurement

Rationale

The first step in the development
of a Biomechanical Profile is the
construction of a “kinetic chain,”
which links the sensory input or
feedback from the workplace with
the muscular output required to
perform a task. To enumerate all
anatomical structures of a kinetic
chain is cumbersome and often un-
necessary. In industrial practice, the
kinetic chain comprises only major
sensory organs and key muscles.

Motion sequences obtained by in-
direct measurement. The kinetic
chain of eye-hand coordination be-
gins with a sensory input from the
workplace to the eyes. Frequently,
the nature and size of activity of
some of the elements in a kinetic
chain can only be obtained indirect-
ly. For example, eye movement can
no easily be measured directly, but
may be mfen‘ed by monitoring the
sngnal intensity of the small muscles
which rotate the eyeball, Figure 1
(R). The signal is picked up at the
temples.

All objects must be located with-
in-a visual cone of 60 degrees to be
seen by both eyes simultaneously.
Because of the lack of binocular
-vision outside. of this -cone, judg*
ments of object size and of distance
from the viewer can not be made.
Whenever eye scanning alone be-
comes inadequate, head movement
must be added. Under circumstances
it is also impracticil to measure
head movement directly. However

Figure 1. The kinetic chain constructed for industrial practice links the
major sensory organs and key muscles requirved to perform a task. In eye-
hand coordination, sensory input to the eyes is inferred by monitoring the
small muscles (R) which rotate the eyeball. To see objects outside a binoc-
ular visual cone of 60 degrees, the head must be moved, using (S) the sterno-
mastoid muscles of the neck. Arm movement at the shoulder is produced

~by (D) the deltoid muscle. 1Vrist movement is produced by (W) the exten-

sor muscles of the forearm.

Figure 2. Head movement is ofter impractical to measure divectly. How-
cver, momlonnq the u(lxvtly of[he sterno-mastoid muscles is an n(!(‘qunlt’
although indirect, measure of head movement since these muscles ave in
constant use whether the head is (A) held straight; (B) lowered: (C).raised;
or (D) tilted to either side. '
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Figure 3. The

apparatus used in this experiment consists of a task board

(A) and a metal-tipped tool (B). When any of tle 19 lights on the task
board is touched by the tool it is extinguished and another bulb -wilches
on. The tool movement generales voll(xge signals in three potentiometers
(C). The output of this kinesiomelter is converted by an analog compula-
tion module (D). Also at (D) are the mlerchangeablt’ patch.boards-which~—-"
program the light patterns to simulate any occupational motion pattern.
The chart recorder E) displays the complete Biomechanical Profile. Sig-

nals are stored in analog form on-a multi-channel tape recorder (F) for AT T i

co "l’)ll ter [)rr)(‘(.'.r.\'ing.

it is often sufficient to monitor the
activity of the sterno-mastoid mus-
cles in the neck, Figure 2. These
muscles are involved in head move-
ment in any direction. The magni-
tude of the signal is roughly but
adequately proporuon.ll to the to-
tal level of head-motion.

In this kinetic chain. myograms

. -———ofeye-and head muscles are used as

indirect measures of -displacement
- and not as indicators of muscular
effort.

Electrophys:ologlcal parameters.
Muscular effort per se is obtained
from the principle muscles involved
in the movement. These muscles
are: the deltoid, Figure 1 (D)
which controls arm: movement at
the shoulder, and the wrist exten-
sors, Figure 1 (W) which control
wrist movement, and which by their
activity reHect fine manipulation.
The activity of the flexors and ex-
tensors of the forearm were pur-
posely excluded from myographic
recording - following  the normal
good practice ofllmmng data gath-
ering to the most important and
most directly involved clements of
the kinetic chain.
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Thus, for the assembly task cho-
sen in this example, the kinetic
cham involves:

Eye movement — produccd
b) the small muscles which_ move
the eyeball, Figure 1 (R).

2. Head movement — produced
by the muscles of the neck, Figure
1(S).

3. Arm movement at the shoulder

~— produced by the.deltoid-muscle;—

Figure 1 (D).

4. Wrist movement — produced
by the extensor muscles of the fore-
arm, Figure 1/(W).

These muscles complete the ki-
netic chain, butit should be stressed
that the' Biomechanical Profile is
used to measure the effectiveness of

-this chain within a man-task system.

After the kinetic chain has been
identified, those events which de-

- scribe the work and effort required

by the task under study are mea-

" sured.

Biomechanical parameters. Bio-
mechanical parameters are output
measurements which are not neces-
sarily related to physiological fac-
tors, but rather to. performance ele-
ments in a man-task system. For

eye-hand coordination, the three
parameters of actual tool move-
ment — displacement, velocity and
acceleration — are included as mea-
sures of output efficiency. The dis-
placement signal indicates the range
and pattern of motion. Velocity
serves -as-an index of both speed
and strength: \ccelerauon reflects
control over the precision and qual-
ity of ‘motion.-Lack-of such: control .
leads to imprecise . movements - at_
the workphce due to -the inability
to terminate a movement at- the
correct place and time.

The biomechanical parameters
can me measured with a kinesiome-
ter, Figure 3 (C). Both muscular ef-
fort and. the sequencing of muscles
in the production and términation
of movement can be obtained
through electromyographic record-
ing of the contractile activity of the
muscles concerned.

Electromyographic  technique.
The success of myography in an'in="
dustrial environment depends on
choosmg the proper techmquc. In
most instances, “direct”. myogram
does not yield useful results. Figure
4 shows a direct myogram simul-



“taneously recoided by an oscillo-

scope and a paper recorder at exact-.

ly the same sensitivities and speeds.
There are only five points of simi-

. larity between the tracings because
the speed of the signal exceeds the
rise time 2~d slew rate of commer-
cial chart recorders.

Figure 5 shows how a modification
of the so-called “integrated™ myo-
gram yields repeatable and reliable
recordings. The signal produced
here represents the analog of the

firing rate which -is indicative of

“total activity in a given muscle mass
at any instant during the sampling
period. This technique produces a
signal compatible with the frequen-
cy response of a normal paper re-
corder. The resulting tracing repre-

" sents a-history of muscular activity
in terms of sequencing. coordina-
tion and effortlevels.

Apparatus

»The apparatus, Figure 3, used in
- this -experiment=consists of ‘a task
board (A) with lights installed on it

and. wired so that only one light is -

on at any time. A metal tipped
“tool” (B) is mounted on a light-
weight rod which slides in a “gim-
bal” type.mount. As soon as a light
is touched by the tool, it goes off
and another bulb automatically
_switches on. “The movement of the
"_tool in space generates voltage sig-

nals in a set of three potentiometers '

(C) that are converted by an analog

- computation module (D) into out-.,

puts which dre proportional to the
vector sums-of each displacement,

velocuy and acceleration of the tool

up measured agamst time.

The' _board contains 19" lights"

~and. contact “points, arrangedin

“three-dimensional - space- to corre-

~ spand “with ‘those reach situations
most commonly-encountered in in-
dustrial - work. ‘The ‘light pattern
can'be programmed through inter-
changeable patch. boards to. simu-
late - occupational  motion patterns
. for a wide range of industries, such
‘as food processing, -electronic as-
sembly, or the needle trades.” -
Thus, the output from the analog
computation module produces the
three directly measured biomechan.
ical parameters of the. task. These
are. recorded simultaneously with

the indirectly measured biomechan-

ical parameters of the kinetic chain

‘— here: head and eye movement,

and:‘the electromyographic' signals

- DIRECT. SURFACE MYOGRAM &

Biceps as-Supinator
‘Isometric Torque = app.l4 ‘inch-pound’

‘0.1.mv/ea;

Figure 4. A simullaneous recording of the biceps muscle firing paltern dis-
played on a chart.recorder (upper half) and an oscilloscope (lower half) at
exactly the same sensitivity and speed. Only five points of similarily are

i evident, because the signal specd of the myogram exceeds the rise-time and

slew rate of commercial chart recorders.

Figure 5. The same biceps contraction pattern as shown in Figure 4: chart

_recorder in upper. half, oscilloscope in -lower half. However the signals
_here have been conditioned by summing all action potentials overtime so

that the trace now represents the analog of the firing rate, which is indi-
cative of the total activity of the muscle mass at-any instant during the
sampling period. The signals are fully compatible-with the frequency

_response of thechart'recorder. Thé integrated myogram produces repeal-

ableand very relmble measurements of muscular. aclnnly Ievels
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ngilre 6. The motion pathways on the task board are sequenced by the

individual target lights. The front (F) and side-(S) panels are laid out in

accordance with the commonly accepted “normal reach” areas. All reaches
begin and end in the normal horizontal (H) industrial assembly area —
- H-5-and H-9. Each location is coded-through the logic of its circuitry so

that-it is-easily identifiable during subsequent analysis of the Biomechani-

» cal Profile: -

“Figure 7. Four:sets of surface electrodes were placéd on each subject, over
the muscles comprising the “kinetic chain, as pictured in Figure 1. In
cach set, the third electrode acts as the ground. Electrodes were positioned
according to standard muscle. testing procedures, so that each myogram
oblained represented a maximum amount.of contracting muscle mass. All
“ subjects were representative of the female working population commonly
. “found performing manual production-work in industry.. -

from the shoulder and wrist. These
seven parameters, displayed on the
chart. recorder (E), constitute -the
complete Biomechanical Profile for
this task. When computer process-
ing is desirable, the signals are
stored in analog form on the multi-
channel tape recorder(F).’

Prccedure

Twelve women ranging in age from
35 .to 50, and earning their living
through manual production work,
were hired for the experiment. In
each case visual acuity was either
normal or fully corrected; state of
health was normal for the particular
age. All were right-handed. Thus
the subjects were homogeneous-and
representative of the. female work-
ing . population - commonly ‘found
performing similar tasks in indus-
try. A'number of practice trials suf-
ficient to bring each individual up
to acceptable performance *levels
were allowed. e

T-vo sequences of 75 lights each
were - programmed.. Subjects  were
exposed to two replications of each

_program in alternate fashion. In all

trials, motion pathways began and:
ended in the normal industrial as-
sembly area, Figure 6, H-5-and H-9.
Because the task board is laid out
in accordance with commonly ac-
cepted “normal reach areas’ —

Squires, Reference -11° — these

motions simulate typical ‘*reach”
and “move" work.situations. Each
location is coded through the logic

- of the_circuity''so that its starting
~and end points are easilv identified

during subsequent analysis. Work.
surface height, the configuration of
the-chair, distance from the table
and other features of the workplace
were: adjusted -for-optimal posture .
and standardized geometry of mo-
tion - pattern. Likewise the power

‘grip was used throughout' the ex-

periment to assure uniformity of
manipulative: process.. Thus.all in-
dividuals employed the same work
method.

All subjects were electroded ac-
cording to the arrangement shown
in Figure 7. Electrodes were posi-
tioned so. that each- myogram ob-
tained  represented . a ‘maximum
amount of contracting muscle mass..

-T'hese optimal - positions were es-

tablished from standard muscle test- :
ing” procedures developed by Ken-
dall' and Kendall; Reference "12.
All subjects completed four replica-



tions of the task sequence, and re-
sults. were sufficiently uniform so
that further testing was not neces-

sary.

-~ Results

" The B’ anechanical Profiles gener-

ated make it possible to distinguish
between ‘individuals who are likely
—-to have low or high work tolerance.
~Two-workers performed - exactly
the same task sequence — a number
of forward reaches, Figures 8 and 9.
“Although their. production times
are-approximately equal, the effort
required to produce these outputs
is markedly- different.. The firing
rate-in the deltoid muscle, particu-
larly at low velocity, is commonly
- far higher for individuals of low
“work tolerance, Figure 8 (A), while
the wrist extensor signal'is continu-
ous and unstructured, (B). Both of
- the factors are likely to be indicative:
- of relatively high effortaccompanied
by poor efficiency of performance.
-Also, it can be seen from the traces
of neck muscle activity, (C). thattoo
much-of the scanning is being done
by the head. The lack of purposeful
anticipatory eye scanning followmg

a single head movement, (D), is also .

a good predlctor of inferior : per-
formance.
.. Analysis of these comr'mmg Bio-
.. mechanical Profiles can be used to
assert--that, unless retrained. the
- low tolerance worker will: be-un-
“able to produce work of sufficient
quality for sustained periods, even-
tually “deviate widely from time
- standards, and be subject to prema-
- ture. fatigue -and the’ subsequent

risk- of .accidents or quality break-

downs. :
Figure 10 shows that direction-
: 1l|tv of motion can affect perform-
ance time. Thls invalidates assump-
iions common to most systems of

predetermined -motion times, which-

state that a movement from A-to' B
is equivalent to one'from B to A. A
reach away from the body takes
longer to accomplish thana motion
made towards the body. Reaching
away.is.a more difficult movement
because the resistance to stretching
“of ‘the ‘large: muscles . ofthe ‘back
must be overcome: Therefore," pro-
gressive rather. ‘than' reciprocating

. -motion_pathways should be used.

" The - Biomechanical - Profile can
.-establish the status and quality of
-an individual's trammg. as well as
:denufy work mannerisms which

& AR

by

Frgures and 9 Btomech(m mI Proﬁles can: be used to dtsnngmsh belwr('n
individuals who are likely to have low or high work lolerance. Two work-
ers performed a number of ferward reaches. The firing rate in the deltoid
(d) muscle, particularly at low velocity, is commonly far higher for individ-
uals_of low work tolerance, left, while.the wrist extensors’ myograms (B)
of such-workers are continuous and unstructured. Both of these factors are
likely to be indicative of relatively high effort accompanied by poor effi-
ciency of pe:formana" e.g.,.the worker mmnpulalc's Jor fine positioning
before arriving al the larget. Neck muscles’ activity (C) show that the low
tolerance worker:does too much of the scanning with the head. The lack
or presence of purposeful anticipatory eye scanning=(D) is also a gumi pre-
dlclor ofsusl(uned pc'rformanre nbllrly
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Figure 10. I)necuonalzly o_/ ‘molion can a[[ecl performance time.
I'In()ugrhou{ this experiment a reach away from the body-took longer than
- a_motion’ towards the body, mvalulalmg assumptions common (o most
systems ofp)ede{(*rmmed moltion times. In a movemen! up and away from
“the b()dy resistance. of the large muscles of the shoulder and back-must be
overcome; down and towards the body, the arm behaves as a ballistic
. pendulum, requiving minimal e_/]brl and control foreffective performances.

”hgmc 11 I’Iu' state and qtmltl'v of a workl'r\ lrammg can_be measmed

by electromyographic kinesiology, and the work habits:which need retain-
ing can be pinpointed. Before practice. (left), the subject-moves her eyes to
search (1), then moves her wrist (2), looks again (3), finally does useful
work with her wrist as she positions a second time (4). During the entirve

motion (which goes from the horizontal lo a side target point), the deltoid -

(5) is under constant tension since the elbows are kept high as the shoulder
is moved. The-total motion consumes 4.7 seconds. The practiced pmform-
ance (right) resulted from proper training. The subject carried out instruc-
“tions such as: “deep the elbows down.” Deltoid activity is minimal (6); eye
movement (7) is purposeful and efficient. Subject “|” looks: first, scanning
the entire visual field; the wrist (8) is then moved to the located targel.
The trained subject needs less than half the reach time. ;

. without disclosing the nature of the

-should be eliminated through re-

instruction. Figurz 11 shows “be-
fore practice” and “after practice”
performances of the same individual
reaching sidewards away from the
body and back. The untrained
worker lacks ‘toordination between

_scanning and wrist movement: her

deltoid is in constant tension, indi-
cating that she is in violation of one
of the basic prerequisites of work
tolerance: “Keep the elbows down,”
Reference 13.

Such workers should be coun-
scled to look straight at the target,
then proceed to reach for it without
dependence on further visual cor-
rection, reserving the strongest ac-
tivity of the wrist for the end of the
sequence, . when fine positioning
takes place. In the “after practice”
Profile -recorded. eye. “and ' wrist

‘movements are. now in proper. se-

quence. - Deltoid activity has de-
clined. Thus, the level of effort has
decreased while performance speed
has doubled.

Conclusions

The Biomechanical Profile recorded
by the apparatus used in this ex-
periment can be used for objective
work and effort measurement as
well as rating. ‘Hence it is an effec-
tive .n(l to mdustnal | engineers.

dards can be set for industrial tasks,
based upon proper analyses of the

“Profile. Such analyses permit long-

term projections of performance

_level and work -tolerance. Reliable

projections of fatigue and its influ-
ence on workers can'also be made.
It should be noted that. in many
cases, qualitative analysis of the re-
corded Profile is sufficient to pro-
vide objective evaluation.- -
Among the other applications-of
the apparatus developed in this ex-
periment for recording the Bio-
mechanical Profile is the develop-
ing of optimum workplace layouts
and motion patterns for a new prod-
uct or process, even prior to trial
runs. This application also ‘allows
the training of workers for a new or
proprictary manufacturing process

product or process too early. By
programming..the task board for
the desired motion pattern, specific
errors of deficient operators can be
pinpointed; the individual can be
retrained.or screened out in the hir-
ing for a specific task.

’
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ASSOCIATION

5 ANNUUNCING
- TRAINING IN

’._MTM SYSTEMS

4

O MTM-1 .. .. The basic MTM
. system used throughout the - -
7 world".. . a 3-week course. No -
* MTM training - required -as pre-
“ requisite. Leads to MTM Asso-
- ciation Blue-Card certification
*in MTM-1. .

D MTM-2 . .-. . The second-level of.
; :symhesuzed MTMdata...a 1-
- week course. MTM-1 cemhca-
' tion'is prerequisite. Leads to -
*MTM Association Blue-Card ~
certification |n MTM 2.

E] MTM-2 - Tralmng in MTM 2,

- work mmphllcatlon and MTM-1
appreciation . ::a 2-week.
course. No prerequisite MTM
training required: Leadsto -
MTM Association Bliie-Card -
certification in MTM-2, -

0D MTM-3....The third-level sys-
_ tem based on basic.MTM used *
for small batch and long-cycle
operations ..., a 3-day coursa
Cem(lcallon in MTM-2is'pre- '
*requisite. Leads to MTM 'Asso-
- ciation’ Blue—Card cemhcanon
in MTM-3

"J\II courses ara hig’hly useful to
- industrial er.gineers, process
engineers, managers and others
:.working in areas of time prediction
--and work analysis. :

Write now for full details from:
James P. O'Brien
Executive Director
MTM Association for
Standards and Research
9-10 Saddle River Road :
Fair Lawn, New Jersey 07410 ' \|

(&2 P

Toledo Melal Furnllura Co:
2700 S. Hasti ng
Toledo. Ohio 43607

Gentlemen: Please send.iree calaloo
and:Seating Analysls Forms.«.....w. 5%
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