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ABSTRACT. Systems Research Inc. (SRL), under
contract to the U.S. Air Force, has engaged in
a study to define the capabilities of existing
anthropomorphic manikins and the capabilities
required of modern manikins to be suitable for
the evaluation of advanced aircraft escape
systems. Manikin characteristics and require-
ments are assessed with respect to mechanical
properties and data acquisition capabilities.

A brief
sented,

review of current manikins is pre-
noting their utilization characteris-
tics, capabilities, and limitations with
respect to aircraft ejection testing. A
realistic manikin must resemble and act 1ike
the human body when subjected to aerodynamic
and inertial Toadings associated with aircraft
escape conditions. Mechanical considerations
include the simulation of human response to
force loadings at various body components,
anthropometric accuracy, mass and inertial
properties of various body segments, joint
articulation, and structural strength. Data
acquisition considerations include the type
and placenent of sensors, number of data
channels, data processing and formatting,
on-board storage and/or telemetry require-
ments, and also the standard packaging, place-
ment, and environmental protection factors
while maintaining anthropometric fidelity.

INTRODUCTION.  Systems Research Laboratories,
Inc. (SRL), has engaged in recent efforts to
estahlish a data base and planning framework
to support development of a suitable human
surrogate (manikin) for wuse in evaluating
advanced aircraft ejection systems. The
activities have been largely sponsored by the
Bioengineering and Biodynamics Division of the
Air Force Aerospace Medical Research Labora-
tory (AFAMRL). One of these latter efforts
involved an investigation of the current capa-

bilities of anthropomorphic manikins, the
requirements to test ejection systems, and
recommended activities to bridge the gap

between what is available and what is needed.

The study addressed the history of manikin
devel opment, noting the intended purpose and
capabilities of various devices which repre-
sent significant steps in manikin evolution.
Ongoing development programs were examined
with respect to their applicability to
ejection system test requirements. Data
acquisition systems, as a fundamental element
of manikin capabilities, were considered from

the standpoint of generic characteristics and
limitations. Current approaches to data
acquisition, using modern techniques and elec-
tronics, and in response to of the formidable
data requirements associated with ejection
system testing, were examined.

The study also addressed the availability and
validity of existing data bases pertaining to
the response of the human body to impact and
acceleration conditions. In addition, a study
of the articulating joints of the human body
and the application of available data to the
design of manikin joints was accomplished.

The requirements for anthropomorphic manikins
to evaluate advanced ejection systems were
identified. A major product of the study
effort was a preliminary specification for an
advanced ejection system test manikin.

NEED. There can be no question about the need
for anthropomorphic manikins to evaluate the
circumstances of man's presence in host
systems subjected to adverse dynamic environ-
ments. Manikins play a vital role in provid-
ing meaningful data in dangerous or
destructive test conditions. Data can be used
to evaluate a number of factors including:

. History of conditions experienced by the
manikin or the host system.

(] Performance of the host system when
occupied by a human surrogate.
. Operational adequacy of protective

devices installed in the host system.

[} Potential for injury to human occupants
exposed to similar conditions.

The key issues involve manikin design charac-
teristics and how critical they are to the
success of  proposed system  development
tests. Manikin design goals are, therefore,
fundamentally dependent on a precise and
accurate definition of test objectives. The
manikin development process must address a
complex variety of design considerations
involving an essential trade-off between mani-
kin capabilities and the implementation cost.

MANIKIN DEVELOPMENT. While manikins have been
used for system evaluations and other activi-

ties requiring human surrogates for many




[image: image2.jpg],years, considerable progress in developing
scientifically improved manikins has been made
during the Tlast two decades. Many advances
have involved automotive test manikins, which
have been used extensively on a worldwide
basis to test automobiles with enhanced pas-
senger safety features. These manikins have
been used for generalized frontal impact test-
ing and specialized or side impact testing. A
summary of automotive test manikins reviewed
during the study is shown in Table 1.
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Automotive test manikin development has been
characterized by comprehensive planning activ-
ities to define requirements, identify prom-
ising research areas, and coordinate the
devel opment of a high fidelity, advanced mani-
kin. The National Highway Traffic Safety
Administration (NHTSA) has taken a leading
role in a long range effort to upgrade occu-
pant protection standards. A major element of
the program involves development of an
advanced test manikin with the capability to
predict human injury in a test environment
which simulates real-world crash conditions.
Current research activity related to the pro-
gram has led to the definition of human kine-
matic and impact responses for various body
components. Other work includes the deter-
mination of a realistic occupant seated
posture and preliminary design approaches and
instrumentation requirements for various body
regions. Additional important current devel-
opments include biofidelity enhancements in
existing automotive manikins,

The Society of Automotive Engineers (SAE) has
also been active in influencing manikin devel-
opment. In 1981, the Mechanical Human Simula-
tion Task Force (MHSTF) of SAE established
priorities for future dummy research and

design. A prioritized listing was developed,
with  requirements categorized in  three
areas: biofidelity, maintenance, and usage.

The biofidelity category was the most exten-
sive, reflecting high priorities for “bio-
fidelic" upgrading of the chest, head and

face, abdomen, neck, shoulder area, legs, and
submarining measurement .

Development of the Part 572 specifications b
the NHTSA, for compliance tepsting of auto!
mobi‘les §nd automobile equipment, represented
a significant step in defining motor vehicle
safety requirements. Manikins developed and
adopted to test against these requirements
must reflect a standardized approach.

Anthropomorphic manikins have also been used
extensively to test aircraft ejection sys-
tems. A summary of manikins used for this
purpose is shown in Table 2. lnderstandably,
there have been fewer ejection system test

manikins than those developed for automotive
testing.

TABLE 2. EJECTION SYSTEM TEST MANIKINS

Designation  Year  Source
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Automotive and ejection system test manikins
share some common requirements. These include
the need for a high degree of biofidelity and
incorporation of a powerful, rugged, and reli-
able data acquisition capability. There are
also differences in manikin requirements for
the two classes, and these should be noted:

[ For aircraft ejection testing, the body
response of greatest interest is that
along the Z axis, reflecting the effects
of impact or acceleration along the
spine., The X axis response due to wind-
blast loading is also important. For
automotive tests, the X axis effects are
of primary importance, since they reflect
frontal impact conditions.

[] Aircraft ejection test manikins may be
exposed to extreme dynamic pressure load-
ing due to windblast, and this must be
addressed in the structural design.

. Aircraft ejection test manikins may be
used to evaluate the flight performance
of the host system. Therefore, since the
occupant is a key element of the total
ejection system, the manikin must possess
characteristics that provide for realis-
tic, accurate, and reliable evaluations.
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[image: image3.jpg]. Since the ejection system must be tested
under free-flight conditions, the data
acquisition capability must be essen-
tially self-contained within the manikin.

In contrast to the activities associated with
automotive test manikins, there has been no
new general purpose ejection system test mani-
kin developed for over two decades. In addi-
tion, there are no standardized development
specifications or test procedures established
to provide direction to manikin evolution.
This situation is being improved through cur-
rent Air Force and Navy efforts and continuing
communications between the services.

There are ongoing activities within both the
Air Force and the Navy to develop advanced
anthropomorphic manikins for ejection system
testing. The U.S. Air Force is currently con-
cluding an effort, sponsored by AFAMRL and the
Life Support Systems Program Office, to
develop the Limb Restraint Evaluator (LRE).
The LRE is intended to be used for the evalu-
ation of 1imb restraint device enhancements
for existing ejection systems. This manikin
has improved joint articulation, enhanced 1oad
bearing capability for high airspeed testing,
and an increased data acquisition capability
with provisions for onboard storage.

A major current development effort, sponsored
by the U.S. Navy, involves a new instrumenta-
tion system for incorporation into the
Hybrid I11 dummy. The objectives of the pro-
gram are to make an existing manikin more
suitable for ejection system testing, to
develop instrumentation that will permit the
three-dimensional tracking of dummy based
coordinate systems within the seat and also be
compatible with Naval Biodynamics Laboratory
instrumentation, to provide a microprocessor
controlled data acquisition and storage system

within the dummy, and to investigate the
inherent biofidelity in the manikin.
Another significant current USAF  program

involves development of the Advanced Dynamic
Anthropomorphic Manikin (ADAM). This device
is to be used to evaluate ejection systems
resulting from the Crew Escape System Tech-
nology (CREST) Advanced Development Program.
Because of the dynamic, high performance
characteristics proposed for the CREST ejec-
tion seats, the test manikins will reflect a
strong emphasis on biofidelity; structural
load bearing capability at high dynamic pres-
sures; and an improved, high performance
instrumentation/data acquisition system.

DATA ACQUISITION. The data acquisition capa-

bility is a key element of a manikin system.
This supports the essential function of the
system which is to gather meaningful test
data.
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There are basically two types of tests con-
ducted using instrumented manikins. The first
is the class of tests conducted in a con-
trolled environment and a bounded test area.
Laboratory tests, wind tunnel and blast tunnel
tests, and short-run tower and sled tests are
usually in this class. A key aspect of this
type of test is the ability to use umbilical
cables to transfer power and test data between
the test object and the support system. The
other major class of tests involves unbounded
and unconstrained free flight of the test
object, where the use of connecting cables is
generally unfeasible. Ejection system evalua-
tions primarily involve free-flight tests. A
typical free-flight dummy instrumentation and
data acquisition system 1is represented in
Figure 1.
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Figure 1. Representative Manikin Data

Acquisition System

Sensors are dictated by the requirements of
the test and "feed" the data acquisition
system. They may include any or all of the
following types of devices:
. Accelerometers L} Load Cells
() Strain Gauges () Pressure Gauges

Data obtained from the host system may also be

integrated into the manikin data acquisition
system.
Data acquisition systems for free-flight

manikins are also characterized by the fact
that all functional components must be con-
tained within the manikin. This dictates the
necessity to consider design factors such as
packaging, mounting, heat and power loading,
and component location or distribution so as
to preserve the required anthropometry.

A number of limitations are commonly encoun-
tered in the use of instrumented free-flight
dummies. A common and costly problem is
telemetry signal "dropout." Telemetry signal
dropout and/or distortion can be caused by




[image: image4.jpg]many things, but the two most common sources
are atmospheric noise and antenna misorienta-
tions. Since the basic purpose of tests
involves data collection, dropouts are not
only disappointing, but can result in a very
expensive test failure.

The technique for encoding the sensor data
onto a cammon carrier is often referred to as
FM-FM type modulation. A disadvantage of this
type of signal processing is that it limits
the number of usable channels to about 25.
This limitation can be overcome by using a
pulse code modulation (PCM) system (frequency
multiplexed to time multiplexed). These sys-
tems have been used, to a degree, for ejection
system tests in the past. One hundred chan-
nels in a PCM system are easily achieved, and
nearly 200 channels are attainable. However,
the use of PCM in a data acquisition system
introduces a number of subtle complexities.
Also, PCM systems are typically built-to-order
semicustom systems which historically have
been very expensive with long lead times,
sometimes exceeding a year in length.

An often overlooked problem, generally due to
the lack of knowledge of its existence, is the
introduction of aliasing errors in the acqui-
sition of phenomenon information using time
sliced samples, as is done in a PCM system,
One technique used to solve this problem
involves 1limiting the bandwidth of incoming
signals with low pass filters.

Another common problem, often introduced by
poor systems engineering practices, is Tow
Tevel signal groundloop errors. This problem
often manifests itself in the form of DC sig-
nal offsets, nonlinear responses from sup-
posedly Tlinear sensors, drifting, and many
other problems. While there could be as many
possible sources of groundloop problems as
total circuits, the potential for groundloop
errors can be greatly reduced or even elimi-
nated by good grounding practices.

Another somewhat nontechnical problem exists
in that there is no data base standard used by
all testing sites and their agencies. Con-
siderable  cross-compilation is  sometimes
required to make use of data froam other tests
if it can be used at all.

There is also a cumulative data problem which
can be noted. When many changes are made in
the format of sensor data, between the actual
analog sensor signal to the final representa-
tion of that event, small but sometimes sig-
nificant errors accumulate, distorting the
final picture of the original event. These
errors can be from many different sources,
including sensor signal noise and nonlineari-
ties, many sources of DC bias offsets, alias-
ing errors, anal og-to-digital conversion
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nonlinearities and nommonotonicity,
ture drift, serial-to-parallel and parallel-
to-serial digital conversion bit errors,
telemetry link data dropouts, analog recorder
bias errors and tape noise, curve smoothing

technique errors, and truncation errors among

tempera-

others. Also, any differentiating of data can
drive up the data noise and decrease its
accuracy to a point of uselessness. The sys-

tem can be no better than the worst link in
the long data chain, and it can be as bad as
the sun of all the individual errors.

Another challenge that occurs with an
increased number of channels involves the need
for an adequate portable power source. The
more capabilities added to the test dummy and
support apparatus, the heavier and bulkier the
battery becomes. If sensors and support elec-
tronics are increased, more power will be dis-
sipated within the dummy itself. This causes
an apparent no-win situation because the
batteries that are generally used lose their
capacity as the temperature goes up. To com-
pensate, even larger batteries can be used.
This results in two additional problems to
solve: the manikin may get too hot causing
signal drift and circuitry failure due to the
heat, and the test vehicle may not handle the
additional volume and weight of the new
payload.

It is apparent that obtaining valid useful
data from free-flight dunmy ejection tests is
a fairly significant engineering challenge. A
major consideration in the improvement of data
acquisition performance would be to reduce the
reliance on telemetry as a means of data cap-
ture through several means, including the pos-
sible use of onboard storage. Before a
technique can be applied, several very impor-
tant system parameters must be analyzed, the
system sample/data rate and the total data
capture time or volume of data being the most
important. An ideal onboard memory would be
one that is nonvolatile, has extremely high
density (high memory capacity for its volume) ,
very low power requirements, and very fast
read/write speeds. Due to the Timitations in
one or more parameters, certain system compro-
mises must be made when using currently avail-
able memory technologies.

A further benefit of the onboard storage
approach is that portions of the PCM system
would no longer be required, introducing addi-

tional opportunities to reduce system size,
complexity, power requirements, and cost.
Further improvements can be made through
selection of components such as filters,
amplifiers, relays, and other devices that
reflect advanced technology. This is a
dynamic area of evolution that can greatly

enhance current performance, with promise of
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BIOSYSTEM DATA. Considerable data exist per-
taining to the response of the human body to

impact and acceleration conditions. Specific
bases include head and neck impact response,
limb flail, whole body response, pelvis and

spine response, and the response of the human
torso. There are deficiencies in existing
bases in that much data are based on work with
cadavers, which do not accurately reflect Tive
body responses, and subject data are difficult

to interpret due to variations among volun-
teers, limitations to test conditions, and
inadequate numbers of subjects among appro-

priate population groups.

The potential application of current anthro-
pometric data to the design of realistic and
useful human analogues has continuing impor-
tance. Size and proportions represent impor-
tant aspects of anthropometric  design.
Historically, anthropometric size data began
to be used extensively as a factor in aircraft
design, and also to a degree in aircrew selec-
tion. It has been accepted practice to employ
an average or "standard" model and two extreme
(large and small) models to represent "worst
cases." However, there has been some problem
in defining the characteristics of given
"percentile" models, since percentile values
of body components derived statistically are
not additive in representing an overall per-
centile model. This problem has been largely
resolved by selecting anthropometric models
with specific size characteristics that are
most useful for the intended applications of
the models.

Another problem is apparent when attempting to
characterize the extreme ends of the anthro-
pometry spectrum, and this is largely due to
erratic data values that occur in these
cases. Two methods of creating 5th and 95th
percentile analogues are available. One
involves the statistical analysis of popula-
tion subsets at either end of the anthro-
pometric spectrum. The second method is based
on regression techniques which use the 5th and
95th percentile values for stature and weight
as predictor variables from which all other
anthropometric measures are computed. While
data obtained using the subset technique is
slightly more accurate in most cases, the
regression method is easier to use and more
readily applied to new requirements and is,
generally, a more desirable technique. In
addition to providing a relatively accurate
means of predicting segment dimensions for
large and small anthropometric cases, the
regression technique has an important advan-
tage in producing additive values which can be
assembled into realistic body forms.
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The use of anthropometric data define
representative or statistically useful
analogue shapes, for a changing population, is
an important area of investigation.

to

Another significant anthropometric con-
sideration involves the determination and
incorporation of realistic segment mass dis-
tribution to enhance analogue fidelity. This
is an important element of analogue design,
where dynamic systems such as CREST are to be
evaluated. Early efforts to acquire segment
mass data required the use of cadavers, which

introduced some data inaccuracies. Later
studies showed that properties can be pre-
dicted, to a degree, from external dimen-
sions. It is possible to predict volume,
center of mass, and principal moments of
inertia from anthropometric dimensions using

regression techniques. However, inaccuracies
exist, the most important of which is a con-
sistent overestimation of volume. Neverthe-
less, the existing regression techniques are

the best known method of predicting segment
mass distribution.

The following areas of research related to
mass distribution would be beneficial:

. An investigation of the dynamic shifting
of the body center of gravity under high
G conditions.

. The mass distribution or redistribution
within the torso in the seated position.

0 Development of a three-dimensional data
base which can be used to locate anatomi-
cal Tlandmarks which might be used to
establish axis systems on test dummies.
This could also be used to help stan-
dardize the placement of instrumentation

and increase the comparability of test
results.
The study also addressed the articulating

joints of the human body and the application
of known data to the design of joints for an
anthropometric surrogate. Live body joints
are characterized by having greater mobility
than those of cadavers and much more than
those of mechanical surrogates. Essentially,
this is because body joints are far more com-
plex than mechanical joints, with more parts,
many of which are infinitely adjustable and
composed of a much greater variety of material
characteristics.

The articulating joints considered include the
shoulder, elbow, wrist, hip, knee, and
ankle. Characteristics of the shoulder joint
were analyzed in the greatest detail, includ-
ing an anatomical description of this complex
joint and specifications for the range of
voluntary linear and rotational motion. In
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properties of shoulder motions beyond the
voluntary range were described, along with

considerations regarding the nature of motion
stops (hard, soft, elastic, etc.) applicable
to each type of shoulder joint motion. There
are various possible mechanisms, with increas-
ing complexity and fidelity, for the construc-
tion of the important shoulder joint.

To a lesser degree, other joints were also
considered. The analysis included specifica-
tions for the voluntary range of motion and

possible motion mechanisms, Some of the
design concepts described for the shoulder
would also be applicable to the simpler
joints.

MANIKIN REQUIREMENTS. Aircraft ejection sys-
Tem test manikins must be designed to satisfy
the specific test objectives pertaining to the
host systems being evaluated. Design require-
ments can be generally categorized as shown in
Table 3, which also shows the sources for the
requirements and a more detailed breakout of
each of the design requirement categories.

TABLE 3. MANIKIN DESIGN REQUIREMENTS

Requf renant

Categortes Raqui revent Areas Faqu! rement Or fvers

nthropometry | Ofmensions, mass and fnertia Population to be
proparties, shaps model ed

ot Channals, sam System to be tested

hequisition sition and stor.
and oover requt

Usaniltey Ouravility, st ug, calibra- Test conaitions
tlon and pracest checkout,
maintenance, data excraction

Structural Stremtn and Toad bearing Saticicated Toads and
capani)fty, packaging, ol test conditions
nent and mounting of cam

Bloftdelity Test ovject ves

Serodynmics  Sealistic motion in flignt Test canditions

Superimposed upon successful incorporation of
suitable design features is the need to ensure
standardization and repeatability in manikin
utilization. This is necessary to obtain
valid system evaluations, especially when the

comparative performance of competing systems
must be established.

Another overriding design consideration is
system cost. Cost elements would include

(after development) unit purchase cost, main-
tenance, support during tests, and upgrades or
modifications for new tests. Cost decisions
should be an integral part of all phases of
manikin devel opment. One concept that should
be considered to help reduce costs involves an
emphasis on design flexibility. This could be
achieved by adopting a modular or "building
block" approach to manikin integration that
permit the use of less sophisticated devices
for less demanding tests while providing fully
capable systems when necessary. This approach
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should also enhance the ease of effecting
upgrades or modifications to satisfy new test
requirements or to incorporate newer and

higher performance technology.

While it may be possible to define specifica-
tions to satisfy each of the requirements for
a particular set of test objectives, it may
not be possible to satisfy all these require-
ments at the same time in one generalized
manikin. For example, a rigid adherence to
anthropometry specifications relating to shape
may introduce, through a combination of other
factors, an inability to duplicate the aero-
dynamic characteristics of the human. In such
a case, concessions may be necessary, with
some relaxation of Tower priority
requirements.

The data acquisition system is seen as a key
element of manikin utility. Incorporations of
a system with the required performance capa-

bilities must also take into consideration
factors of implementation. These include
overall size, packaging, location, mounting,

heat dissipation, and power requirements while
maintaining structural integrity and anthropo-
metric fidelity and without compromising per-
formance. It is apparent that attention to
these requirements will result in a complex
interaction which will 1likely require an
iterative design approach involving various
design trade-offs. This perceived process is
illustrated in Figure 2.
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Figure 2.

Manikin Development Considerations

RELATED ACTIVITIES. The AFAMRL is conducting
activities related to manikin development,
with the support of SRL. The work on the LRE
was noted earlier. SRL is also engaged in two
additional efforts sponsored by AFAMRL.




[image: image7.jpg]" SAL has developed and fabricated a Whole Bod
Inertial Response Measurement System which is
currently being installed within AFAMRL facil-
ities. The purpose of this test device is to
measure the inertial reactions on the man/seat
mass during acceleration tests. The results
of the inertial reactions on the combined
(man/seat) mass can be used to provide insight
into the design of a propulsion and control
system to ensure ejection seat system stabil-
ity. The device consists of a fixture, seat,
and a set of load and acceleration sensors.
The assembly is intended to be used on four
test devices within AFAMRL. These include the
horizontal impulse accelerator, the vertical
deceleration tower, the horizontal decelera-
tion sled, and the six degree-of-freedom
vibration device.

SRL has installed and is supporting a Manikin
Evaluation Facility for AFAMRL. The facility
includes equipment to accomplish manikin test-
ing that will provide a comprehensive measure-
ment of properties and performance to ensure
the suitability of manikins for systems evalu-
ations. The following manikin characteristics
will be evaluated:

° Mass and inertial properties of segments
and the total manikin.

. Kinematics and dynamic response to local
and gross body forces.

. Load deflection properties of segments
and joints.
. Segment and overall manikin dimensions

for anthropometric accuracy.
. Joint motion and structural properties.

. Load bearing capability, ruggedness, and
durability.

. Data sensing and processing capabilities.
. Employment features and usability.

SUMMARY.  This paper provides an overview of
the status of existing manikin technology and
known research data, plus a discussion of
capabilities that should be incorporated into
improved manikins to evaluate advanced air-
craft ejection systems.

Using available research data, along with the
results of appropriate additional research to
complement or complete existing data, the
development of advanced manikins should be
pursued to satisfy projected requirements for
ejection system testing. This development
should be conducted consistent with coordi-
nated and structured design guidelines.
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Manikin  development should proceed
specific attention to the attainment
improved capabilities in the following areas:

with
of

o Aerodynamic Performance e Biofidelity

e Structural Capability e Anthropometry
o Data Acquisition o Usability

The use of better materials, equipment, and
techniques now available due to advances in

technology should be a major consideration in
achieving gains in the above cited areas. In
addition to these areas of design importance,
attention must also be applied to overall con-
siderations, such as system cost; standardiza-
tion; and repeatability; and where possible,
the establishment of testing and data acquisi-
tion standards for broader usage.

The development of a family of dummies would
be most advantageous. This family should con-
sist of an average member and two members
representing the extreme ends (5th and 95th
percentiles) of the anthropometric spectrum.
In addition, a modular structural approach
should be adopted so that simplified, and less
costly, specific dummies can be used for less
rigorous tests.
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