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1. SCOPE

This SAE Aerospace Recommended Practice (ARP) defines a means of assessing the credibility of computer models of
aircraft seating systems used to simulate dynamic impact conditions set forth in Title 14, Code of Federal Regulations
(14 CFR) Parts 23.562, 25.562, 27.562, and 29.562. The ARP is applicable to lumped mass and detailed finite element seat
models. This includes specifications and performance criteria for aviation specific virtual anthropomorphic test devices
(v-ATDs). This document provides a recommended methodology to evaluate the degree of correlation between a seat model
and dynamic impact tests. This ARP also provides best practices for testing and modeling designed to support the
implementation of analytical models of aircraft seat systems. Supporting information within this document includes
procedures for the quantitative comparison of test and simulation results, as well as test summaries for data generated to
support the development of v-ATDs and a sample v-ATD calibration report.

1.1 Purpose

This ARP aims to supp
the credibility of modelir
which are rapidly evolv
design and evaluation
steps: software verifics
sensitivity analysis. Thg

series of tests of physid
FAA-Hybrid 11l (Append
document contains recq

The uses of M&S in air
program. Computer aid
allows tradeoffs to be

successful design para
odds of a successful se
cases for which testing
and certification tests.

issues and minor modif

While there are several

validation depends on the quality of the reference test data, modeling techniques and interpretation g

The M&S process discu
with a model that is va
further testing will still 4
stress in critical compo
failure does not occur.

This document is focus

g and simulation (M&S) is accomplished through the processes of verificati
ng disciplines within the computational world. The recommended meéthod
pf aircraft seats using analytical methods is a building block approach cor
tion, v-ATD calibration, material characterization, subsystem tests, seat
v-ATD calibration is seen as the most critical component of, therabove app
v-ATD performance criferia is a separate section of this document (Section 3). To support the de

al ATDs was accomplished and the test information is_provided for the Hy
ix C). To aid in the completion of the six steps outlined above, the fina

craft seat design and evaluation are numerous, and begin in the early phag
bd engineering tools that allow M&S of protetype designs are readily availab
conducted, evaluation of injury risks, investigation of potential failure ared
meters. Beginning in these early phaseswill also help develop the future te
ht system validation. Once a baseline'seat is identified, M&S may be used fo
may be necessary. Using M&S here will potentially reduce the number of
\fter a baseline seat system jstvalidated, M&S may be applied to investig
cations without the need to-retest.

advantages of using M&S, it must also be recognized that there are severa
ssed here relies heavily on the use of test data, and as such, physical testi
id for the intended use, there are compliance situations where simulation

e required.<Fer example, if the model shows that a design modification sig
hents where there are no redundant load paths, then a retest may be nec

bd-0n providing guidance to the various stakeholders involved in the M&S

. In general, assessing
n and validation (V&V),
logy for the successful
nprised of the following
system validation, and
foach, and as such, the
elopment of v-ATDs, a
brid Il (Appendix B) and
primary section of the

mmended practices for both physical testing and numerical modeling (Secfion 5).

es of any development
e. The use of M&S here
s, and the selection of
st plans to increase the
 determining the critical
required developmental
ate installation specific

| limitations. Successful
f the correlation results.
ng is still required. Even
cannot be applied and
nificantly increases the
pssary to ensure that a

brocess, who may each

have different objectives in mind. These stakeholders include the software developers, seat suppliers, seat integrators
(usually airframe manufacturers and their certification staff), and regulatory agencies. Their respective primary areas of
concern roughly correspond to the different levels of the model validation process. The code developers need to understand
the documentation requirements for the code verification and document the limitations of the code. v-ATD model developers
need to understand the v-ATD calibration procedure amongst other things, in order to develop models that are useful for
customers.

End users for a code or model (v-ATD) need to clearly understand the limitations of the software and any impacts those
limitations impart on the use of the models. For example, some v-ATDs may be certified “conditionally compliant” in which
the use of the model will only be valid under specific conditions.
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The seat suppliers are primarily interested in developing accurate seat models in hopes of reducing the development cycle
and the number of certification tests. The airframe manufacturers depend on the integrity of these models to produce reliable
interface loads and are responsible to certify the seat for installation into the aircraft. The certification staff and regulatory
agencies are concerned with how M&S supports a safe and certified system, as well as the configuration control of the final
product. Thus, the goal of this recommended practice is to offer to the seat community a set of potential criteria that may be
used to support the creation and documentation of a valid seat system or subsystem in order to support certification efforts
and to inform, and potentially streamline, the design process.

1.2  Units

In this document, U.S. customary units (in-Ib) and International System of Units (SI) are provided. In all cases, the in-Ib units
take precedence and the S| (metric) units provided are approximate and conservative conversions. Those who routinely
use Sl units in practice should ensure that the conversions are accurate.

1.3 Coordinate Syst

1S)

The coordinate system 7 dimensions are in the

seat or ATD coordinate

5 in this document are consistent with SAE J211-1. Reference to x, )/ cand
system and follow standard naming convention.

2. REFERENCES
2.1

Applicable Docuents

The following publicatio
shall apply. The applicg
event of conflict betwee
Nothing in this docume
obtained.
2.1.1 SAE Publicatio

Available from SAE Inte
and Canada) or +1 724

ns form a part of this document to the extent specified herein. The latest is
ble issue of other publications shall be the issue-in'effect on the date of th

nt, however, supersedes applicable lawssand regulations unless a speci

NS

rnational, 400 Commonwealth-Drive, Warrendale, PA 15096-0001, Tel: 87]
L776-4970 (outside USA), wwiv.sae.org.

‘Instrumentation for Impact Test - Part 1 - Electronic Instrumentation”
‘Instrumentation for Impact Test - Part 2: Photographic Instrumentation”

eWeese, R., Beebe, M., Wade, B. et al., “A Lumbar Spine Modification tg
Tests,” SAE Technical Paper 1999-01-1609, 1999, doi:10.4271/1999-01-16

h the text of this document and references cited, herein, the text of this docu}w
i

sue of SAE publications
purchase order. In the
ent takes precedence.
c exemption has been

-606-7323 (inside USA

formance Standard fer\Seats in Civil Rotorcraft, Transport Aircraft, and Gemeral Aviation Aircraft”

the Hybrid Il ATD For
09

Paper 2008-01-2272, 2008, doi:10.4271/2008-01-2272

2.1.1.1  AS8049, “Pe

21.1.2 SAE J211-1,

2.1.1.3 SAE J211-2,

2114 Gowdy, V., O
Aircraft Seat

2115

21.1.6

2117

2118

AS8043, “Restraint Systems for Civil Aircraft”

Aviation Aircraft”

Bhonge, P. and Lankarani, H., “Finite Element Modeling Strategies for Dynamic Aircraft Seats,” SAE Technical

AS6316, “Performance Standards for Oblique Facing Passenger Seats in Transport Aircraft”

AS8049/1, “Performance Standards for Side-Facing Seats in Civil Rotorcraft, Transport Aircraft, and General
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2.1.2 FAA Publications

Available from Federal Aviation Administration, 800

Tel: 866-835-5322, www.faa.gov.

Independence Avenue, SW, Washington, DC 20591,

21.2.1 Title 14 Part 23 (§ 14 CFR Part 23), “Airworthiness Standards: Normal, Utility, and Acrobatic Category Airplanes”

21.2.2 Title 14 Part 25 (§ 14 CFR Part 25), “Airworthiness Standards: Transport Category Airplanes”
2.1.2.3 Title 14 Part 27 (§ 14 CFR Part 27), “Airworthiness Standards: Normal Category Rotorcraft”
2.1.2.4 Title 14 Part 29 (§ 14 CFR Part 29), “Airworthiness Standards: Transport Category Rotorcraft”

2.1.2.5 Title 49 Part 572, “Anthropomorphic Test Devices”

21.26 FAA AC 20-

Airplanes an

21.2.7

21.2.8
Validation an

21.29
Transport Air

2.1.2.10

21.2.11
Adjustment a

2.1.2.12 “Metallic Mat

2.1.3 European Unio
Available from Europea
and for mail over 1 kg)
Www.easa.europa.eu.

2131 EASACS25

DOT/FAA/AR

DOT/FAA/AR

FAA AC 25.5

FAA PS-ANM

DOT/FAA/AM

46A, “Methodology for Dynamic Seat Certification by Analysis for Use
Rotorcrafts,” 2018

-05/5, “Development and Validation of an Aircraft Seat Cushion.Componen

H Verification Methodology”

62-1B Change 1, “Dynamic Evaluation of Seat,-Restraint Systems and
blanes,” 2015

-25-03-R1, “Technical Criteria for ApprovingSide-Facing Seats,” 2012

-2/11, “Human Factors Associated with' the Certification of Airplane Pass
hd Release,” 2002

brials Properties Developmentiand Standardization (MMPDS - 14),” 2019

n Aviation Safety Agency (EASA) Publications

h Union Aviation Safety Agency, Konrad-Adenauer-Ufer 3, D-50668 Cologn
and Postfach 10 1253, D-50452 Cologne, Germany (for mail 1 kg or less);

“Certification Specifications and Acceptable Means of Compliance for Lard

n Parts 23, 25, 27, 29

t Test Volume 1”

-11/24, Certification by Analysis: Hybrid Il and FAA Hybrid [{IVirtual Anthropomorphic Test Devices

Dccupant Protection on

enger Seats: Seat Belt

e, Germany (for visitors
Tel: +49 221 8999 000,

e Aeroplanes”

21.4 Industry PublicTtions

2.1.41 Bathe, K.J., “Finite Element Procedures, Prentice Hall publication,” 1996

21.4.2 “Mark’s Standard Handbook for Mechanical Engineers,” 10th edition, 1999

2143 ASTM E8/E8M-09, “Standard Test Methods for Tension Testing of Metallic Materials,” American Society for
Testing Material, 2008

2144 ASTM D3574-03, “Standard Test Methods for Flexible Cellular Materials, - Slab, Bonded, and Molded Urethane
Foams,” American Society for Testing Material, 2003

21.4.5 ASME V&V10-2019, “Standard for Verification and Validation in Computational Solid Mechanics,” 2019

21.4.6 Sprague, M.A. and Geers, T.L., “A Spectral-Element Method for Modeling Cavitation in Transient Fluid-Structure

Interaction, International Journal for Numerical Methods in Engineering,” 60 (15), 2467-2499, 2004
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rking of Failure Criteria
nference on Composite

h Enhanced Composite

ty Dissertation, 2010

Pratt, J.D., “Allowables-Based Flow Curves for Nonlinear Finite-Element Analysis,” ASM International Journal of
Failure Analysis and Prevention 01/2007

ASTM E8, “Standard Test Methods for Tension Testing of Metallic Materials”

ASTM E9, “Standard Test Methods of Compression Testing of Metallic Materials at Room Temperature”

ASTM D3039, “Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials”

ASTM D3410, “Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials with

Unsupported

Gage Section by Shear Loading”

ASTM D6641, “Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials Using
a Combined Loading Compression (CLC) Test Fixture”
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2.1.4.28 ASTM D5467, “Standard Test Method for Compressive Properties of Unidirectional Polymer Matrix Composite
Materials Using a Sandwich Beam”

21.4.29 ASTM D3518, “Standard Test Method for In-Plane Shear Response of Polymer Matrix Composite Materials by
Tensile Test of a +45° Laminate”

21430 ASTM D7078, “Standard Test Method for Shear Properties of Composite Materials by V-Notched Rail Shear

Method”

2.1.4.31 ASTM D3574, “Standard Test Methods for Flexible Cellular Materials - Slab, Bonded, and Molded Urethane

Foams”

2.1.4.32 Huculak, R.D. and Lankarani, H.M., “Methods of evaluating ES-2 leg flail in dynamic evaluation and certification
tests of side-facing aircraft seats,” (2015) International Journal of Crashworthiness, 20:6, 613-628

2.2 Definitions
221 ANALYST
The individual creating

2.2.2 CALCULATION

bnd running the computer simulation.

VERIFICATION

The process of determining the solution accuracy of a particular approximate numerical solution to the mathematical model

(ASME V&V10-2019).
223 CALIBRATION

The process of adjustin
results (ASME V&V 10-2

224 CODE

The computer impleme
problems (ASME V&V1

225 CODE VERICA

The process of determifing that the humerical algorithms are correctly implemented in the compute

errors in the software (4

226 CONCEPTUAL

019).

D-2019).

TION

SME V&\V10-2019).

MODEL

h physical modeling parameters in the.computational model to improve agreg¢ment with experimental

ntation of algorithms developed to facilitate the formulation and approximate solution of a class of

[ code and of identifying

The collection of assumptions and descriptions of physical processes representing the solid mechanics behavior of the
reality of interest from which the mathematical model and validation experiments can be constructed (ASME V&V 10-2019).

227 ERROR

The quantitative difference between a measured or calculated value and the referent or true value (ASME V&V 10-2019).

2.2.8 INTENDED US

E

The specific purpose and conditions for which the computational model is to be used (ASME V&V10-2019).

229 MODEL

The representation of a system, phenomena, or process under specific physical conditions. The representation includes the

conceptual, mathematical, and computational models (ASME V&V10-2019).
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2.2.10 PREDICTION

The use of a model to calculate a response where the modeler does not know the experimental outputs (ASME
V&V10-2019).

2.2.11 REALITY OF INTEREST
The physical system and its associated environment to which the computational model will be applied (ASME V&V10-2006).
2212 SENSITIVTY ANALYSIS

The general process of discovering the effects of model input parameters on the response features of interest using
techniques such as analysis of variance (ANOVA) (ASME V&V10-2006).

2.2.13 SIMULATION
The computer calculatigns performed with the computational model (i.e., “running the model"){ASME V&V 10-2019).
2.2.14 UNCERTAINT

The lack of accuracy asgociated with a measured or calculated value. It is typically aCombination of reducible and irreducible
uncertainties (ASME V&V10-2019).

2.2.15 VALIDATION

The process of determining the degree to which a model is an(accurate representation of porresponding physical
experiments from the perspective of the intended uses of the model(ASME V&V10-2019).

2.2.16 VERIFICATION

The process of determihing that a computational model accurately represents the underlying mathematical model and its
solution (ASME V&V 10{2019).

3. VIRTUAL ANTHRQPOMORPHIC TEST DEVICE (v-ATD) CALIBRATION

A primary component dffecting the response of an aviation seat system is the ATD. The majority|of the compliance data
channels are either dirgctly measured from'the ATD (e.g., HIC, lumbar load, etc.) or greatly affected by the ATD (e.g., floor
reaction load). As such| it is imperative-for the virtual representation of the ATD to be of as high fidglity as possible. To this
end, the purpose of thig section is-t0\provide a methodology for evaluating the fidelity of an aviation| v-ATD. This evaluation
is broken into four party: mass-and geometry evaluation, sub-assembly evaluation, pelvic shape gvaluation, and dynamic
response evaluation. The subsections include different requirements for v-ATDs used in forward facing seat (Hybrid Il and
FAA Hybrid Ill) and sid facmg seat ATD (ES 2re) conﬂgura’uons While th|s sectlon is pr|mar|ly for v-ATD developers, it
contains important informatian

3.1 Mass and Geometry Evaluation

The virtual anthropomorphic test device (v-ATD) should meet the specifications cited in Title 49 of the Code of Federal
Regulations (CFR) Part 572 as appropriate for the physical ATD it is meant to represent. These specifications reference
drawings that provide geometry and mass distribution parameters, location of joints and their range of articulation, length,
mass, and center of gravity for each segment, assembled dimensions, and general external shape. The mass and
dimensions of the v-ATD should fall within the acceptable range cited in the specifications. Where the specifications do not
cite a dimensional tolerance, assume that the tolerance is equal to £0.1 inch (x2.54 mm) of the nominal value.
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FAA 14 CFR 25.562 specifies a Hybrid Il ATD, or equivalent, which has a defined bare (no shoes or clothing) weight of
164 pounds * 3 pounds (74 kg + 1.4 kg). EASA CS 25.562 specifies 170 pounds (77 kg) ATD when tested. The as-tested
ATD includes shoes, which have a combined weight of approximately 2.5 pounds (1.1 kg), and clothing, which has negligible
weight. The as-tested weight does not include the weight of the sensor cables. Use of bronze clavicles, allowed by both the
FAA and EASA, adds approximately 2.5 pounds (1.1 kg) to the standard Hybrid Il. v-ATD developers are encouraged to
include the weight of shoes (2.5 pounds total) and the bronze clavicles. If this version of the v-ATD does not weigh
170 pounds (77 kg), the developer is encouraged to increase part weight until the v-ATD equals or exceeds 170 pounds
(77 kg). The additional weight should be evenly distributed. Limits on the weight of individual segments should not be
exceeded, except for the clavicles. As long as the bare weight of the v-ATD is less than 169.5 pounds (the upper limit plus
weight of bronze clavicles, 76.9 kg), the v-ATD would meet the weight requirements of both the FAA and EASA regulations.

The FAA Hybrid Ill also has a defined weight of 164 pounds * 3 pounds (74 kg + 1.4 kg). EASA CS 25.562 specifies a
170 pounds (77 kg) ATD when tested. The as-tested ATD includes shoes, which have a combined weight of approximately
2.5 pounds (1.1 kg), and clothlng WhICh has negllglble weight. At the upper end the ATD welght |s 169.5 pounds (76.9 kg).

The bronze clavicle replgeemet its VVUISII more-than-thet :_yul & || acdit 9 a'J'JIUI\IIIIGlUIy 9-5 Pott yels \ 3 kg) Bronze clavicles
are not recommended gince neither the FAA nor EASA have approved their use for the FAA Hybrid IIl.

The ES-2re has a defirled weight of 159.6 pounds £ 2.6 pounds (72.4 kg £ 1.2 kg). Both the FAA and EASA specify the
ES-2re for injury criteria tests for side-facing seats. The as-tested ATD is not expected{o“weigh 170 pounds (77 kg) and
therefore no alterations|are required.
3.1.1  Sensor Locatiops

Per SAE J211-1, in ofder to measure multi-axial accelerations, each aceeleration transducer|axis must pass within
0.394 inch (10.0 mm) of the point of interest (e.g., the head CG), and the.¢enter of the seismic mas$ of each accelerometer
should be within 1.181 [nches (30.0 mm) of that point. The orientation-of the measurement axis should not be greater than
5 degrees from the reference axis.

Load cell sensors should match the location indicated on the drawing to within 0.2 inch (5.08 mm). The orientation of the
measurement axis shoyld not be greater than 2 degrees from‘the reference axis.

3.2 Sub-Assembly Eyaluation

The ATD specifications|include static and dynamicsub-assembly tests. The results of simulations [of these tests using the
v-ATD (or sub-assemblles) should fall within.the tolerance ranges cited in the specifications.

3.2.1  Hybrid Il ATD
3.2.1.1  Hybrid Il Regulations

The Hybrid Il is defined|in § 49 €FR Part 572 subpart B. The following regulations define the sub-assembly evaluations:

Head - § 49 CFR Part §72.6
Neck - § 49 CFR Part 572.7
Thorax - § 49 CFR Part 572.8
Limbs - § 49 CFR Part 572.10

Since no tolerance is given for the probe velocity in § 49 CFR Part 572.8 and § 49 CFR Part 572.10, it is suggested to use
the tolerance cited in subsections § 49 CFR Part 572.34 and § 49 CFR Part 572.35.

3.2.1.2  Hybrid Il Pelvic Compression

In order to determine the amount of material under the ischial tuberosities, perform a simple static compression test. For
the Hybrid Il physical ATD, place the pelvis buttocks up onto a 5.362 inch (136.19 mm) tall pedestal that bolts to the lumbar
load cell mounting surface of the pelvis as shown in Figure 1. Place a 75 pound (34 kg) object onto the pelvis and wait
5 minutes. Measure the distance from the top surface of the pelvis to the bottom surface of the pedestal. This distance must
be between 10.402 inches (264.21 mm) and 10.802 inches (274.37 mm).
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1G

75 lbs (34 kg)

H-Point

Lumbar Load Cell
Mounting Surface

\

For the Hybrid Il v-ATD

5.362

in (136.19 mm) \ j

S S S S S L

Figure 1 - Pelvis compression illustration

the pedestal may be simulated by locking the pelvis (i.e., allowing 0 degresd

the lumbar load cell mgunting surface is 5.362 inches (136.19 mm) above a reference plane. Pl

object above the pelvis
of the pelvis is sufficie
simulate the 5-minute w
and the pelvis should b

If the lumbar load cell
account for the distanc
Hybrid II.

3.2.2 FAA Hybrid Il 4
3.2.2.1

The FAA Hybrid Il ATC
be found in SAE 1999-(

and apply a gravity load to the object. A rectangular plate with width and de
nt. Once equilibrium is reached, the distance measurement can be mad¢g
ait time. A plot of the position of the. 75 pound (34 kg) object or the contact f
b used to demonstrate equilibriun:

mounting surface is not explicitly modeled in the v-ATD, the pedestal he
e between the mounting surface and the H-pt. This distance is 1.344 inc

\TD

FAA Hybrid ||l Regulations

contains parts from the Hybrid 1l and Hybrid Ill ATDs. Details on the cons
1-1609. As a composite ATD, not all specifications listed in the CFR will be

the FAA Hybrid Il sub-3

s of freedom) such that
ce a 75 pound (34 kg)
th greater than the size
; it is not necessary to
brce between the object

ght can be modified to
nes (34.14 mm) for the

truction of the ATD can
applicable. To evaluate

sSembly tests specified in § 49 CER Part 572 subpart B and § 49 CER Part

p72 subpart E are used;

however, neither thorax test is applicable. The following regulations define the applicable sub-assembly evaluations:

Head - § 49 CFR Part 572.32

Neck - § 49 CFR Part 5

72.33

Limbs - § 49 CFR Part 572.35

3.2.2.2 FAAHybrid Il

| Pelvic Compression

In order to determine the amount of material under the ischial tuberosities, perform a simple static compression test. For
the FAA Hybrid Ill physical ATD, place the pelvis buttocks up onto a 5.362 inch (136.19 mm) tall pedestal that bolts to the
lumbar load cell mounting surface of the pelvis as shown in Figure 1. Place a 75 pound (34 kg) object onto the pelvis and
wait 5 minutes. Measure the distance from the top surface of the pelvis to the bottom surface of the pedestal. This distance

must be between 10.22

2 inches (259.63 mm) and 10.362 inches (263.19 mm).
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For the FAA Hybrid Il v-ATD, the pedestal may be simulated by locking the pelvis (i.e., allowing 0 degrees of freedom) such
that the lumbar load cell mounting surface is 5.362 inches (136.19 mm) above a reference plane. Place a 75 pound (34 kg)
object above the pelvis and apply a gravity load to the object. A rectangular plate with width and depth greater than the size
of the pelvis is sufficient. Once equilibrium is reached, the distance measurement can be made; it is not necessary to
simulate the 5-minute wait time. Equilibrium can be shown with a plot of the position of the 75 pound (34 kg) object or the
contact force between the object and the pelvis.

If the lumbar load cell mounting surface is not explicity modeled in the v-ATD, the pedestal height can be modified to
account for the distance between the mounting surface and the H-pt. This distance is 1.320 inch (33.53 mm) for the FAA

Hybrid 111
3.2.3 ES-2re ATD

3.2.3.1

ES-2re Regulations

The ES-2re is defined ilL § 49 CFR Part 572 subpart U. The following regulations define the sub-as

Head - § 49 CFR Part §
Neck - § 49 CFR Part 5

72.182
72.183

Shoulder - § 49 CFR Part 572.184

Thorax (upper torso) - §
Abdomen - § 49 CFR P
Lumbar spine - § 49 CH
Pelvis - § 49 CFR Part

3.2.3.2 ES-2re Pelvic
There is no standard te
3.3 Pelvis Shape Evs

The shape of the ATD’s
used to evaluate the v-4
3.3.1  The physical A]
the foam or rub
3.3.2 The seat cush
stiffness (DAX
dimensions th
Hybrid Il and F

49 CFR Part 572.185
art 572.186

R Part 572.187
p72.188

Compression
5t for pelvic compression for the ES-2re.
luation

pelvis can significantly affect-how it interacts with the seating surface. Th
ATD pelvis shape for the Hybrid Il, FAA Hybrid Ill, and ES-2re:

'D used for this evaluation should have a pelvis that is new or in good cond
ber flesh). The joint stiffness for all joints should be adjusted per AS8049.

6 or equivalent per ASTM D3574-11), at least 4.0 inches (101.6 mm) t
are greater than or equal to the x and y dimensions the seat pan defin
\A Hybrid 11l and Figure 2B for the ES-2re.

}n material and.géometry used for this evaluation should be a soft, open ce

sembly evaluations:

e following procedure is

tion (no deterioration of

[l foam with a low initial
nick, and have x and y
ed in Figure 2A for the

3.3.3

The finite elem¢nt(FE) representation of the seat cushion should have the same dimension

s as the actual cushion,

material properties that are based on measured material properties for that cushion, and appropriately defined FE
parameters (such as mesh density and time step). The material properties should be determined by a quasi-static
test that loads the center of the physical cushion with a round flat platen 8.0 inches (203.2 mm) in diameter. Only
the loading portion of the response is needed for the purposes of this procedure. The FE cushion model should be
evaluated by simulating the quasi-static test of the physical cushion. The force on the plate calculated by the cushion
model should be within 5% of the measured force for cushion engineering strain values of 10%, 20%, 30%, 40%,
50%, 60%, 70%, and 80%.
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3.34

3.35

Position the physical ATD as specified in § 49 CFR Part 572.11 for checking dimensions (other than the head
position which should be at the nominal location) and measure the H-point location (x and z) and pelvis orientation
(angle about the y-axis) when seated on a rigid surface and when seated on the cushion. The rigid surface should
have a pan angle of 0 degrees, a back angle of 0 degrees, and a footrest height 16.0 inches (406.4 mm) below the
pan-back intersection for the no cushion seatings. Note that the footrest height must be adjusted (by the difference
in the H-pt heights, with and without the cushion) after the cushion is installed to maintain the same pelvis and upper
leg angle for both conditions. For consistency in the location of the x component of the H-pt, apply approximately
20 pounds (89 N) to the ATD’s knees and keep the upper legs horizontal by supporting them just behind the knees
while lowering the ATD into the seat. Seat and measure the ATD three times with no cushion and three times with
the cushion (six total seatings). Calculate the H-pt vertical height difference by subtracting the average H-pt
z-position on the rigid surface from the average H-pt z-position with the cushion. Calculate the H-pt horizontal depth
difference by subtracting the average H-pt x-position on the rigid surface from the average H-pt x-position with the
cushion. The pelvic orientation should be within 2 degrees for all six seatings and the average angle should be
recorded.

Perform a simyilation with the v-ATD in the same position as specified in § 49 CFR PJart 572.11 for checking

dimensions (other than the head position which should be at the nominal location) with-a 1
Determine the H-point location (x and z) and pelvic orientation (angle about the y-axis) wh
on a rigid surfag¢e and when seated on the cushion. Note that the footrest height must be ad]
in the H-pt heights) after the cushion is installed to maintain the same pelvis and'upper leg a
Calculate the H-pt height difference by subtracting the H-pt z-position on the rigid surface
with the cushiof. Calculate the H-point depth difference by subtracting the H-pt x-position ¢
the H-pt x-positjon with the cushion. The difference between the average H-pt height differg
v-ATD should He no greater than 0.2 inch (5.08 mm). The differencebetween the average
the ATD and the v-ATD should be no greater than 0.2 inch (5.08‘mm). The difference bety
orientation (andle about the y-axis) of the ATD and of the v-ATLD'when seated on either the

g vertical load applied.
bn seated in equilibrium
usted (by the difference
hgle for both conditions.
from the H-pt z-position
n the rigid surface from
nce of the ATD and the
H-pt depth difference of
een the average pelvis
rigid surface or the soft

3.4 Dynamic Responge Evaluation

Existing ATD specifications and calibration tests do not directly evaluate the ATD’s response to all g
that can occur during
subjected to these unique loading conditions, comparisons with results of representative full scalg

cushion should|be no greater than 2 degrees.

f the loading conditions
ircraft seat dynamic tests. Torensure that v-ATDs adequately emulate tHe physical ATDs when
sled tests are needed.

The test parameters specified herein are designed-to produce the range of ATD articulation, forcg¢ application points and
force magnitudes that gre typical of those observed during tests of actual aircraft seats. To minimigze as many variables as

possible, a rigid seat and restraint systems'with fixed anchorages are recommended.

3.4.1  General Dynanic Response Jest Requirements

3.4.1.1 Rigid seat gdometries lincluding anchorage points, contact surface locations, load cell Igcations are provided in
Figure 2A fol forward facing seat ATD (Hybrid Il and FAA Hybrid Ill) and Figure 2B for side facing seat ATDs
(ES-2re).

3.4.1.2 The contact surfaces should be rigid, flat, and smooth. The seat pan and floor should be covered with two layers
of Teflon sheet.

3.4.1.3 The ATD used for these evaluations should meet its design and calibration specifications as defined in § 49 CFR
Part 572. Forward facing seat ATD (Hybrid Il and FAA Hybrid Ill) should be clothed per AS8049 and side facing
seat ATDs (ES-2re) should be clothed per AS8049/1. Clothing may be cut away as necessary to avoid obscuring
photometric targets.

3.4.1.4 Photometric target markers should be placed as per SAE J211-2 and Tables 1A or 1B depending, on the specific
ATD.

3.4.1.5 Place the ATD in the seat consistently. Forward facing seat ATD (Hybrid Il and FAA Hybrid IIl) should be placed
per AS8049 and side facing seat ATDs (ES-2re) should be placed per AS8049/1.

3.4.1.6  Each test condition should be repeated a minimum of three times.
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both rigid and flexible

e 2 and all photometric
reference targets used
e the intersection of the

quency for position and
Lipant response.
FS-2re, neck force and

tached to the load cell.
ts recorded should be

3.4.1.7 Restraint Systems
3.4.1.71 Forward facing ATD restraint systems should use 2 inch (50.8 mm) wide nylon webbing and have fixed
anchorage points.
3.4.1.7.2 Side facing ATD restraint systems should use 2 inch (50.8 mm) wide polyester webbing and have fixed lap belt
anchorage points. The shoulder belt should allow for payout to replicate typical installations.
3.4.1.8 Adjust the lap belt pre-tension per AS8049.
3.4.2 Dynamic Response Test Setup Documentation
3.4.2.1 Document the surface geometry in contact with the ATD and the location of the belt anchors and guides.
3.4.2.2 Document the Testraint system geometry (length, width, thickness, and location of
components)
3.4.2.3 Document th¢ restraint system pre-tension or slack values.
3.4.2.4 Document the initial position of significant ATD anthropometry landmarks.defined in Tab)
target markefs used to track those locations. Also, document the positiof)of photometrig
for scaling and/or validation per SAE J211-2. The origin for these measGrements should 1
seat back andl seat pan at the seat centerline.
3.4.3 Dynamic Respgnse Test Data Requirements
3.4.3.1  The data repprted should all be in engineering units versus time with 1 kHz sampling fre
10 kHz for allfother channels. Electronic data should be‘recorded for a minimum of 300 nps after impact. Position
data (derived|from high speed video) should be re¢ofded for the period of significant occ
3.4.3.2 Record and process all electronic data per SAE J211-1. For the FAA Hybrid Il and
moment datg recorded should be translated,to the occipital condyle location. Perform & tare correction on the
seat pan forge data to compensate forthe forces and moments induced by the mass a
Record seat|pan forces in the local-(séat pan) coordinate system. Seat pan momer
translated to the top of the seatingssurface at the center of the seat pan.
3.4.3.2.1  For the ES{2re, the neck foreces should be filtered at CFC 600 per AS8049/1.
3.4.3.3 Record and process all.photometric data per SAE J211-2. The accuracy of photometric le

be determine
seat back an

| seat pan at the seat centerline.

ngth calculations should

d per SAE-J211-2 and reported. The origin for the position data should b¢ the intersection of the

3.4.4 Specific Test R

pquirements

A minimum data set for each test condition should be defined such that the relative importance of each type of measurement
is considered. Occupant kinematics are given the highest priority since they are directly related to head strike potential and
are the product of the forces and accelerations measured. Forces produced are next in priority since they directly assess
occupant interaction with restraint systems and seating surfaces. Acceleration measurements are lowest in priority and
typically only used to provide a means of comparing occupant response for regions of the body where kinematic or force
measurements are not possible. Example datasets are noted in Appendices B, C, and G.
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3.4.4.1

Specific Test Requirements for Forward Facing ATDs

The minimum data set to be gathered for each test condition is defined in Table 3 with an X notation. Cells left blank
are intentionally blank.

Scenario 1: Forward facing test with a two-point belt and without a toe stop. The input acceleration pulse is the 16 g,
with a velocity change of 44 ft/s (13.41 m/s) defined in Part 25.562 for the horizontal test condition.

Scenario 2: 60 degree pitch test with a two-point belt. The input acceleration pulse is the 19 g, with a velocity change
of 31 ft/s (9.45 m/s) defined in Part 23.562 for the combined horizontal-vertical test condition.

Scenario 3: Forward facing test with a three-point belt. Adjust shoulder belt to produce 1.25 inches (31.75 mm) of initial
slack. The input acceleration pulse is the 21 g, with a velocity change of 42 ft/s (12.8 m/s) defined in Part 23.562 for the
horizontal test condition. The geometry of the three-point restraint system should be such that the shoulder belt to lap

belt attachment poi

Scenario 4: Forwar
slack. The input acq
horizontal test cond
3.4.4.2 Specific Test

The minimum data
are intentionally bla

Scenario 1: Side-fa
time, and a velocity

Scenario 2: Side-fa
9 g, 80 ms rise time

3.4.5 Simulation of th

3.45.1
should reflect
recorded per

ht Is 4 inches (101.6 mm) to the right of the ATD centerline.

 facing test with a four-point belt. Adjust shoulder belt to produce 1/25’incH
eleration pulse is the 21 g, with a velocity change of 42 ft/s (12.8 m/s) defing
ition.

Requirements for Side Facing ATDs

set to be gathered for each test condition is defined in*Table 6 with an X 1
nk.

cing test with a three-point, body-centered belt! The input acceleration pulg
change of 26 ft/s (13.41 m/s).

cing test with a three-point, body-centéered belt and an armrest. The input g
, and a velocity change of 26 ft/s,(13.41 m/s).

e Dynamic Evaluation Tests

Each of the tgsts specified in 3.4.4 should be simulated using the v-ATD being evaluated

the general and specific test requirements specified in 3.4.1 and 3.4.4. Ho
3.4.2 should be @sed to compensate for setup variability. The v-ATD sho

equilibrium pgsition that most.closely matches the pre-test location of the ATD. This will re

judgment sin
position and
encouraged {
simulation to
cause a poor|

te v-ATD dimensions typically vary somewhat from the ATD. The difference
test acceleration pulse during each repeated test should be minimal. T
0 use, theinitial conditions and sled pulse from one of the repeated tests

es (31.75 mm) of initial
pd in Part 23.562 for the

otation. Cells left blank

e is the 9 g, 80 ms rise

cceleration pulse is the

Simulation parameters
vever, the actual values
Lild be positioned in the
quire some engineering

in achieved ATD initial
he v-ATD developer is
as the input to a single

compare to the repeated tests. However, if the variability of the test initial

test inputs fol

encouraged to use engineeri

3452

component test. Th

is should include loading, unloading and hysteresis characteristics.

difficult to quantify, this nominal value will be assumed for consistency.

friction is in practice difficult to quantify, this nominal value will be assumed for consistency.

3.45.3
specified in 3

4.3 to facilitate direct comparison.

testisimulation comparison, the v-ATD developer may run additional simuli

ng judgment during each phase of creating the model and the reviewing the results.

bositions or sled pulses
tions using the specific
he v-ATD evaluation is

Simulation parameters not directly measured during the tests should be derived as follows:

Static and dynamic force-deflection characteristics of the restraint used for the tests should be determined by a

The average friction coefficient between the ATD and the contact surfaces should be 0.2. Since friction is in practice

A value of 0.35 should be used for the average friction coefficient between the ATD and the restraint system. Since

Simulation data produced should meet the same requirements and have the same data origins as the test data
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3.4.6 Comparison of Test and Simulation Results

The comparison of model results to full-scale tests should be done using quantitative error metrics. For each test and
simulation pair, calculate the error for the parameters being evaluated using the procedures contained in Appendix A. The
maximum error for each parameter should be calculated from three repeated test and simulation pairs. If one simulation is
used to match three (or more) tests, that simulation should be compared to each test. If individual simulations are executed
for each test, only the matched test and simulation need to be compared.

3.4.6.1 Forward Facing ATD Test and Simulation Comparison

The minimum data channels considered necessary to fully evaluate the dynamic performance of ATD are listed in Table 3.
The parameters in Table 3 were examined to determine the type of evaluation (peak, curve shape, or both) that was
appropriate for each data channel. Maximum values for acceptable error on the peak are specified in Table 4, with a notation
that the peak of interest is either positive or negative. The number listed in each cell is the relative error (expressed as a

percentage) for accele

. .

position and angles. Maximum values for curve shape error are specified in Table 5. The number

Sprague and Geers co
the error between each
should be recorded. Stz
3.4.6.2 Side Facing 1

The minimum data cha
The parameters in Tal

test and simulation result should be calculated and the maximum ‘error
ndard rounding practice should be employed.

ATD Test and Simulation Comparison

hnels considered necessary to evaluate the dynamie,performance of v-AT]|
le 6 were examined to determine the type of evaltuation (peak, curve sh

appropriate for each dafa channel. Maximum values for acceptable error.ohthe peak are specified in

that the peak of interes
percentage) for acceler
listed in each cell is th
identified in Table 7, th
the repeated tests shou

3.5 Compliance Crite
In order to be fully con

maximum error values.
defined requirements n

L is either positive or negative. The number listed in each cell is the relativ
ptions and forces. Maximum values for curvé.shape error are also specified
e Sprague and Geers comprehensive_error (expressed as a percentags
b error between each test and simulatien result should be calculated and t
Id be recorded. Standard rounding practice should be employed.

i

a

meters] or degrees) for
isted in each cell is the

nprehensive error (expressed as a percentage). For each parametefdentiified in Tables 4 and 5,

rom the repeated tests

D are listed in Table 6.
ape, or both) that was
Table 7, with a notation
P error (expressed as a
in Table 7. The number
). For each parameter
he maximum error from

npliant, a v-ATD must meet all requirements in 3.1 to 3.4 with no devia

ons from the specified

No distinction is made.between over and under predicting. A v-ATD tha{ cannot meet all of the
ay be deemed conditionally compliant with corresponding limits imposed gn the use of the model.

The effect of any devigtions from the specified requirements should be addressed. The deternination of conditionally

compliant, the specifica

tion of the v-ATD’s limitations, and the use of a conditionally compliant v{

engineering judgment, and the rationale of these decisions should be thoroughly documented. Whej

model to support certifig
acceptance of the v-AT

3.5.1  Conditionally C

ation, it isrecommended that the user engage the regulatory authority early
D.

ATD will require sound
h using the seat system
n the process to ensure

bhipliant Examples (Non-Exhaustive List)

1. A Hybrid Il v-ATD that meets all performance requirements in dynamic test scenarios one, three, and four, but cannot
meet the performance requirements for scenario two, would only be approved for simulations matching the restraint

and load application direction of scenarios one, three, and four.

2. A FAA Hybrid Il v-ATD with acceptable correlation for a significant portion of the head path in scenario one could be
approved on the condition that the model can only be used in installations where the head path is prevented from
exceeding the correlated area by external factors such as structural monuments.

3. A Hybrid Il v-ATD that does not meet the shoulder belt loads for scenarios three and four could be allowed with the

proper application of engineering judgment. For instance, if the v-ATD greatly over-predicts the belt load, it would not
be appropriate for a simulation focused on determining head path since the extra belt load would most likely
shorten the head trajectory. Conversely, if the v-ATD significantly under-predicts the shoulder belt load, the v-ATD may
still have utility in a head path simulation, where it would likely produce a conservative result. However, this v-ATD
would not be recommended for situations where the belt loads are close to the regulatory limits.
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3.6 Documentation

Documentation showing compliance with all evaluations contained in this section should be available to all users of the
v-ATD. This documentation should be analogous to the certification report that accompanies a physical ATD. An example
v-ATD calibration report is contained in Appendix D. As with physical ATDs, it is important to have configuration control over
the v-ATD. As such, all documentation should make clear the version of the v-ATD, the software platform used, and what
parameters can be updated without invalidating the model. All evaluations detailed in this section need to be included in the
documentation, as specified below.

3.6.1 Software and Hardware Platform Documentation

As in all computational models, the numerical accuracy of the v-ATD may be dependent on the specific configuration of the
hardware and operating system used. In addition, experience suggests that results of any computational software may
deviate with release of newer versions of the same software. Therefore, the v-ATD developer should ensure that, regardless
of the release versions ; = ' i in this document. When
calibrating the v-ATD, ¢ither to the complete or partial calibration set defined in 3.1 to 3.4, the VfATD developer should
document the version of the v-ATD, the version of the simulation software, the operating system;and the computer hardware
platform that accomplished the calibration for knowledge transfer to the end-users.

3.6.2 Mass and Geornetry Evaluation Documentation

The following mass and geometry information should be included in the v-ATD_galibration report:
e Table of external dimensions: Citing the specification, tolerance, and actual value.

e Table of total and segment weights: Citing the specification, tolerance, and actual value.

e Table of the centerg of gravity for segments: Citing the spegification, tolerance, and actual valug.

e Table of sensor location of v-ATD in comparison to physical ATD, including notation of the nodg, joint, or body used to
calculate the output.

3.6.3  Sub-Assembly Evaluation Documentation

The following sub-assembly information shofild be included in the v-ATD calibration report:
e Specification, test results, and corridor plots (where appropriate).

3.6.4 Pelvis Shape EjvaluationDocumentation

The following pelvis shgpe gvaluation documentation should be included in the v-ATD calibration r¢port:

e Table of measurementsversustestdata—

e Details of foam properties as used.

3.6.5 Dynamic Response Evaluation Documentation
The following dynamic response evaluation information should be included in the v-ATD calibration report:
e Tables 4 and 5 error information with simulation results.

e Plots of data for each channel.

e Details of belt properties as used.
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3.6.6 Conditionally Compliant v-ATD Documentation

For models that do not meet all the requirements, the documentation should clearly list the limitations and intended use of

the v-ATD. The effect of any deviations from the specified requirements should be addressed.

K
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Figure 2A - Seat dimensions for tests of forward facing ATDs
Table 1A - Seat dimensions for-tests of forward facing ATDs
Dimension Letter Distance (inch) | Distance (mm)
Shoulder belt pnchor depth A 8 203
Shoulder belt pnchor height B 29 737
Seat pan-back intersection height C 16 406
Seat back length D 26 660
Pan-back to Igad cell center E 8 203
Seat pan length F 16 406
Pan-back to heel stop length G 20 508
Heel stop to tge stop lehgth H 13 330
Floor height (four-peint belt configuration) I 3 76
Toe stop height J 3 76
Seat width (m|nimum) K 18 457
Seat centerline to three-point shoulder belt anchor L I 178
Seat centerline to lap belt anchor M 10 254
Lap belt anchor width N 20 508
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Figure 2B - Seat dimensions for tests of ES-2re

Table 1B - Seat dimensions for tests of ES-2re

Arm Rest

Dimension Letter Distance (inch) Distance (mm)
Shoulder belt apchor depth A 13 325
Shoulder belt apchor height B 22 554
Floor depth C 19 493
Floor height D 13 340
Lower seat back depth E 7 173
Lower seat back height F 3 82
Front of armres} depth G 14 343
Top of armrest height H 11 279
Front of seat pgn depth I 14 348
Seat pan heigh J 1 25
Seat pan length K 14 345
Seat centerline|to lap belt anchor L 12 300
Seat centerline|to armrest M 12 292
Seat centerline [to three-point shoulder belt anchor N 3 76
Seat width (minimum) 0] 20 508
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Table 2 - ATD anthropometry landmarks

# Name Definition Measured Point
Intersection of a line passing through both
1 H-point hip joints and the midsagittal plane of the | Measured at the surface of the hip flesh
ATD
Intersection of a line along the
> Head CG y-ax[s passing thqugh tlhe head center of | Measured at the surface of the head
gravity and the midsagittal plane of the flesh
ATD
3 Knee Intersection of the centerline of the knee Measured at the surface of the knee
pivot and the midsagittal plane knee pivot bolt head
Intersection of the centerline of the ankle Measured at the surface of the ankle
4 Ankle pivot and the midsagittal plane of the .
pivot bolt head
ankie '
Intersection of the centerlines of the
5 Shoulder shoulder horizontal pivot and the fore-aft aﬂeiisured at the sgifacq of the shoulder
pivot
Intersection of the centerline of the elbow Measured atdke surface Of.the elbow
6 Elbow pivot and the midsagittal plane of the pivot bolthead for the Hybrid-ll or the
elbow outboard surface of the plbow flesh for
the EAA Hybrid-lll
7 Wrist Intersection of the centerline of the wrist Measured at the surfacq of the wrist
pivot and the midsagittal plane of the wrist {:lesh
. The angle that the x-axis of the lumbar Measured using aumhgry markgrs
8 Pelvis angle spine load cell makes with the seat x-axis placed at known IocatlorIs relative to the
pelvis coordinate syste
The angle that the x-axis of the head Measured using auxiliary markers
9 Head ang|e accelerometer array makes with.tHe seat placed at known locatiofs relative to the
X-axis head coordinate system
NOTES:

1.

When the ATD is in a typical seated posture; the location of each of the defined points dan be
estimated by adding half the breadth (width along y-axis) of the ATD or joint to the meagured point’s

y-dimension

At a minimum, photometric targets-should be placed at measured points 1 through 5 anfd as necessary

to calculate head angle and pelvis orientation throughout the test.

The seat cogrdinate system dees not include the seat pan angle. In the current rigid segt configuration,
the seat coordinate system-is equivalent to the sled or laboratory coordinate systems fof the 0 degree

test conditiops.
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Table 3 - Dynamic calibration channel set for forward facing ATD

Forward
Forward Facing Facing
Forward Facing 60 Degree Three-Point Forward Facing
Channel Description Two-Point Belt Two-Point Belt Belt Four-Point Belt
Sled Ax X X X
Upper Neck Fx * X
Upper Neck Fy *
Upper Neck Fz *
Upper Neck Mx *
Upper Neck My *
Chest Ax (CFC 180)
Lumbar Fz X
Lumbar My X
Right Lap Belt Load
Left Lap Belt Lgad
Right Shoulder|Belt Load
Left Shoulder Belt Load
Seat Pan Fx
Seat Pan Fz
Seat Pan My
Head CG X Pokition
Head CG Z Position
H-point X Positjon
H-point Z Posit|on
Knee X Positiop
Knee Z Positiof
Ankle X Position
Ankle Z Position
Shoulder X Pogition
Shoulder Z Pogition
Opposite Shou|der X Position
Opposite Shou|der Z Position
Head Angle ** X X
Pelvis Angle ** X X X
NOTES:
*  FAA Hybrid IIl only.
** Angle can bpe determined using photometrics or angular rate sensors.
Blank cells jntentionally left blank.

X

XXX [X| XX ([ X
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Table 4 - Maximum allowable peak error for forward facing v-ATD**

Forward
Facing
Forward Facing 60 Degree Forward Facing Forward Facing

Channel Description Two-Point Belt | Two-Point Belt Three-Point Belt Four-Point Belt
Upper Neck Fx * 10% - 20% -
Upper Neck Fy * 30% -
Upper Neck Fz * 15% + 30% +
Upper Neck Mx * 25% -
Upper Neck My * 10% + 20% +
Chest Ax (CFC 180) 10% - 10% -
Lumbar Fz 10% -
Lumbar My
Right Lap Belt Load 10% + 10% + 10% +
Left Lap Belt Load 10% + 10% + 10% +
Right Shoulder Belt Ljoad 10% +
Left Shoulder Belt Lopd 10% + 10% +
Seat Pan Fx
Seat Pan Fz 25% - 10% - 25% - 10% -
Seat Pan My 20% - 10% - 10% - 20% -

. 0.5 inch 175 inches 0.25 inch

Head CG X Position (127mm) | * hasmm) | T || ©35mm) |t
Head CG Z Position (70.'(?2"::1:;) -

: . 0.25 inch 1.25 inches 0.5 inch
H-point X Position ©35mm) | " @175mm) | T | |127mm |t
H-point Z Position Gosmm |t cabom |-
Knee X Position (10 2'5.37”;?21) + ( 10 2'.57":“02]) +
Knee Z Position
Ankle X Position
Ankle Z Position
Shoulder X Position (25'8.5(;::?15) 1 102'.57“:]1?21) +
Shoulder Z Position (102'_57":“(:21) -
Opposite Shoulder X|Position (102'_57”:122) +
Opposite Shoulder Z|Position
Head Angle *** 8 degrees
Pelvis Angle *** 7 degrees - | 3degrees |+ 5 degrees +
NOTES:

*  FAA Hybrid Il only.
** Column with plus or minus denotes peak of interest is either a global maxima or minima.
*** Angle can be determined using photometrics or angular rate sensors.

Blank cells intentionally left blank.
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Table 5 - Maximum allowable curve shape error for forward facing v-ATD

Forward Forward Forward Forward
Facing Facing Facing Facing
Two-Point 60 Degree Three-Point Four-Point

Channel Description Belt Two-Point Belt Belt Belt
Upper Neck Fx * 10% 10%
Upper Neck Fy * 30%
Upper Neck Fz * 20% 25%
Upper Neck Mx * 40%
Upper Neck My * 10% 40%
Chest Ax (CFC 180) 10% 15%
Lumbar Fz 15%
Lumbar My 25%
Right Lap Belt Load 15% 10% 10%
Left Lap Bglt Load 15% 10% 10%
Right Shoulder Belt Load 10%
Left Shoulder Belt Load 10% 10%
Seat Pan Hx 20% 5% 15% 10%
Seat Pan Rz 20% 5% 15% 10%
Seat Pan My 20% 10% 10% 15%
Head CG X Position 10% 10% 10% 10%
Head CG 4 Position 10% 15% 30% 10%
H-point X Hosition 10% 20% 10%
H-point Z Hosition 10% 15%
Knee X Pogition 10% 10%
Knee Z Pogition 10% 10%
Ankle X Pgsition 15%
Ankle Z Pogkition 20%
Shoulder X Position 15% 15%
Shoulder Z| Position 40% 15%
Opposite Shoulder X Position 10%
Opposite Shoulder Z Position 75%
Head Angl¢ ** 10% 10%
Pelvis Angle ** 10% 20% 10%
NOTES:
*  FAA Hybrid Il only.
** Angle gan be detefmined using photometrics or angular rate sensors.

Blank gells intentionally left blank.
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Table 6 - Dynamic calibration channel set for side facing v-ATD

Side Facing Side Facing

Channel Description with Armrest No Armrest
Sled Ax X
Left Leg Rotation
Right Leg Rotation
Upper Neck Shear *
Upper Neck Fz
Upper Neck Mx
Upper Neck My
Upper Neck Mz
Shoulder Belt Load
Right Lap Belt Load
Center Lap Belt Load
Shoulder Belt Payout
Wall Load Fy
NOTES:
*  Neck shear is the resultant of the X- and Z-components as

defined in AS8049/1.

Blank cells intentionally left blank.

x

XX PX X [X X[ X [X|X

XXX PX X XXX [ X [X [X|X

Table 7 - Maximum allowable peak and curve shape eérror for side facing viATD

Side Facing
Peak Magnitude Error Shape Error
Channel Desgription w/Armrest No\Armrest w/Armrest No Armrest
Left Leg Rotation [degrees) 20% **
Right Leg Rotatiop (degrees) 20% **
Upper Neck Sheaf Force * 15% + 15% + 15% 15%
Upper Neck Fz 15% + 15% + 15% 15%
Upper Neck Mx 15% + 15% + 15% 15%
Upper Neck My 30% - 30% - 30% 30%
Upper Neck Mz 30% + 30% + 30% 30%
Shoulder Belt Load 15% + 15% + 15% 15%
Center Belt Load 30% + 30% + 30% 30%
Shoulder Belt Payjout el il
Wall Load Fy 30% + 30%
NOTES:

*

Neck shear is the resultant of the upper neck Fx and Fy.

** Due to the loogéness of the ES-2re hip joint, the evaluation should demonstrate the the leg freely rotates
from zero to 45 deQrees.

*** The maximum belt payout should fall within the range of the test data scatter.

4. SEAT SYSTEM VERIFICATION AND VALIDATION

The purpose of a model is the accurate representation of a real-world system, where the accuracy required is dependent
on the intended use of the model. The processes used to evaluate the accuracy of the computer model in representing both
the real world and the underlying mathematical model are called verification and validation (V&V). The V&V process
generates evidence and establishes credibility that the computer model has the adequate accuracy and level of detail to
support certification by analysis (CBA), and this evidence is included in a verification and validation report (VVR). This
section provides suggestions for the information to be included in VVR.


https://saenorm.com/api/?name=c979c511b831e24f8a7b43124cb9c489

SAE INTERNATIONAL ARP5765™B Page 26 of 103

By following the V&V process, the modeler improves the likelihood that the model will accurately predict the response of
the seat system and will generate the necessary documentation to substantiate its use for certification. The method
recommended in this section is based on ASME V&V10-2019 with modifications that tailor this guidance to better apply to
aviation seats. Figure 3 shows the suggested V&V approach. Activities appear in plain text, and the products of these
activities are shown in rounded boxes. First, the reality of interest is defined, which is the physical system and its associated
environment to which the computational model will be applied (i.e., its intended use). While the intended use of the model
will affect many decisions, the basic concepts of V&V are the same regardless of model use. Next, the physical system is
abstracted into a conceptual model, which includes the descriptions of the physical processes and assumptions.

At this point in the process, two parallel paths are formed to separate modeling and simulation (M&S) activities from physical
testing activities. In the M&S branch, the conceptual model is described by a set of mathematical equations and modeling
data that approximate the physical reality. The terms code, model, and simulation have specific, complementary definitions
taken from ASME V&V10-2019. Code refers to the computer implementation of algorithms, i.e., software. The model is the
conceptual, mathematical, and numerlcal representatlon of the physical phenomenon The S|mulat|on is the execution of a
model. Thus, a model cant -minor-changes-toinitiatcone sTgenerating multiple simulation
results.

The first step is to deterine whether the software solves the model properly. This process is\called
it is important to determine that the numerical error, from the time step and mesh resolution (for finite element models), is
low. This process is called calculation verification. The results of the model are then quantitatively compared to the results
of the physical experiment. When acceptable agreement is observed, the model ¢an then be usgd to predict the system
response to an untested, but similar, scenario. Sensitivity analysis is recommended to guide the extent of extrapolation and
to define limitations on the model.

This method can be applied to a model that is intended to show full seatysystem compliance to ope or more of the three
basic test configurations (combined horizontal-vertical, structural, or occupant injury). This method may also be applied to
component models intepded to show some specific behavior. The method includes baseline materigl characterization along
with traceability of maferial properties, component level response (when applicable), use of ¢alibrated v-ATDs, and
integrated seat system| responses, which includes the interaction with the v-ATD. Sensitivity anplysis is recommended
throughout the process|to determine the sensitivity of modelinputs that are difficult to measure (e.g., friction) or inputs that
are not known with higH certainty.

Verification and validation of a complete seat modelyis a complex task whereby definition of a stgndardized set of steps
cannot be provided as they can be for the v-ATD Mt is important to use engineering judgment to identify and evaluate the
parameters of importange. In cases, where the.models are the primary source of certification data,|it is important to obtain
concurrence from the regulatory authoritiesyon how to proceed toward validation. It is likely that| the specifics will need
customization dependirlg on the specific(seat model and the availability of test data.



https://saenorm.com/api/?name=c979c511b831e24f8a7b43124cb9c489

SAE INTERNATIONAL ARP5765™B Page 27 of 103

(Component, Subassembly, Assembly, or System)

Abstraction

[ Validation Case in the Hierarchy }

Conceptual

Model
—

F 3

Modeling and Physical
Simulation Experimentation
Branch v Branch

b
Mathematical
Model

Experiment
Design

Approximation,

Code Implementation Test Setup and Inst_rum Fntation
Veriﬁcation[”c'te‘[:” sl S e Instrumentation Quality Assurance
) Revise
Preliminary Validatién . Mode_l or
. Calculations Experfraent Simulation or
R4 Experiment
Calculation 1
. . Data Acquisition i
Verification q ! Data Quality
. :  Assufance

Simulation
Results

4
Experimental P
r
Results »

. Vvatidation _ _ Uncertainty

Uncertainty
Quantification - ¢ S N Quantification

L)
LY
y
Quantitative Experimental
Comparison Outputs

Requirements

Satisﬂed‘,/
Modeling, simulation, and \|/

Experimental Activities

Simulation
Qutputs

Validation
Reguirements

No

¥

Yes
----- Assessment Activities
INete LCode Verification is Next Validation Case in the Hierarchy
performed using different or
models with closed-form or Validation Complete

manufactured solutions.

Figure 3 - ASME V&V10-2019 process map (ASME V&V10-2019)
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Top-level guidance is provided in FAA advisory circular AC 20-146A which describes the use of computer modeling analysis
within seat certification. This includes general guidance on how to validate the computer models and under what conditions
the models may be used in support of certification. This section is intended to complement the FAA guidance by providing
an overview of several areas to consider when developing a validation plan and evaluating a model. Because the processes
of verification and validation are rapidly evolving and highly depend on the specific problem, this section represents a starting
point and updates or modifications of the process may need to be considered.

4.1 V&V Plan, Reality of Interest, Intended Use, and System Response Quantities

Prior to model development, it is useful to generate a V&V plan that includes a description of the reality of interest and
intended use of the model, definition of the system response quantities of interest, selection of metrics to compare computed
results with experimental measurements, code and solution verification requirements, definition of the accuracy
requirements, and specification of validation experiments. This will allow the modeling and testing groups to coordinate
physical testing requirements. This document can also be used in initial discussions with a regulatory agency if the work is
going to be used for certification:

The first piece of the V&8V plan is to define the reality of interest and intended use of a model, The'rgality of interest includes
both the system and thg¢ environment modeled. An example at the top level of the system hierarchly is a fully loaded triple
place passenger seat upder combined horizontal-vertical test condition as defined in 14 CFR 25.56R2. The reality of interest
could also be at the conpponent level. The intended use is the application domain over which the model is expected to make
predictions. A few examples are a model for initial seat development, a full seatsystem model for use in a certification
package, and a model ¢f part of the seat to show joint stresses. Once the realityof interest and intended use of the model
is defined, they are abstracted into a conceptual model. The conceptual-model is the collectipn of assumptions and
descriptions of physical processes representing solid mechanics behavior of the reality of ipterest from which the
mathematical model apd validation experiments can be constructed ((ASME V&V10-2019). From this, the appropriate
modeling details, system response quantities (SRQs), and accuracy requirements will be a naturallextension. Certification
requirements will tend tp be more stringent than internal developméftal requirements.

The system response guantities can be split into three groups:(primary, support, and threshold. A g
required channel, such as head resultant acceleration, HI€, or lumbar load, or any quantity i
evaluating the system, such as floor reaction loads in a structural test. A support SRQ is a channel
confidence that the magdel is an accurate representation of the reality of interest. In a scenario

evaluated, support chahnels could be head impact.velocity and head impact angle. A threshold
expected to be very low. An example is lap belt load in a combined horizontal-vertical test. Durin
physical test, the belt Ipad is essentially zero'\Définition of a simple threshold can show that the

rimary SRQ would be a
5 considered critical in
that provides additional
vhere HIC needs to be
channel is one that is
g the critical part of the
model output does not

grossly contradict the test data. For any of'the three types of SRQs, engineering judgement can be used to determine

specific channels for eMaluating the reality of interest and intended use. In general, the SRQs can
structural test, an injury criteria test,.and a combined horizontal-vertical test. The analyst is end
collection of support angl threshold<hannels with the test laboratory. Related recommendations arg

differ greatly between a
puraged to discuss the
contained in 7.1.

4.2 Verification

Verification is the procgss of determining that a computational model accurately represents the underlying mathematical
model and its solution (ASME V&V10-2019). This critical step precedes validation, as it is important to minimize/eliminate
errors before progressing. Verification is broken into two components, code verification and calculation verification.

421 Code Verification

Code verification is the process of determining that the numerical algorithms are correctly implemented in the computer
code and of identifying errors in the software (ASME V&V10-2019). It helps to ensure the mathematical model and the
solution algorithms are working correctly, i.e., the code solution predicts the analytical solution. This is generally performed
by the code developer for commercial off the shelf software during the formulation of the code as well as any subsequent
updates, such as during the development of new element, material or contact formulation. Code verification should include
a robust software quality assurance system that ensures the traceability of code performances for various release versions.
The software performance should be verified on commonly used operating systems and hardware platforms and the
end-user should be made aware of any limitations. The code developer should provide the end-user with a theoretical
manual that describes the basic software algorithms including formulations for element types, material models, contact
methods, etc.
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The user is encouraged to verify that the code is tested and complies with acceptable closed form or analytical solution.
While the code developer should evaluate all of the implemented algorithms, the end-user should focus on the aspects of
the code to be used in the individual simulation. As an example, in a seat model simulated with a multipurpose commercial
code, only the algorithms related to structural dynamics need to be evaluated, while the algorithms that are related to fluid
dynamics could likely be ignored.

Examples of code verification problems can be found in the referenced paper “Explicit Finite Element Code Verification
Problems.”

4.2.2 Calculation Verification

Calculation verification, also called solution verification, is the process of determining the solution accuracy of a particular

approximate numerical solution to the mathematical model (ASME V&V10-2019). The goal of calculation verification is to
show that the numerical errors (due to incomplete spatial or temporal convergence) in the system response quantities

(SRQs) of interest are |
components that are in
4221 Temporal Dis
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biso be added to the structure in order.foartificially increase the time step, t
hg require defining a time scale factor, typically in the range of 0.6 to 0.9. ]
be reported in the VVR.

Spatial Discrétization
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o run the simulation. Typically, the applicant uses the coarsest mesh that pr
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the effectiveness of the
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roblem. The number of
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pf the solution, and the
bduces a sufficient level
e critical load path. The
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A quasi-quantitative estimate of the spatial convergence can be generated based on two or more mesh refinements. If the
results of the numerical solution do not change significantly from the refinement, the mesh is likely close to the asymptotic
region. Exact calculation of the spatial convergence error of an explicit structural analysis is a non-trivial pursuit that is an
ongoing research activity.

To aid the end-user in this verification process, 7.2 contains information on standard industry practice that will help the
modeler to manage the sources of error and methods to discretize the physical structure to reduce modeling error.

4.3 Validation

Validation is the process of determining the degree to which a model is an accurate representation of corresponding physical
experiments from the perspective of the intended uses of the model (ASME V&V10-2019). The ability of the model to
represent a physical phenomenon is evaluated by comparing the model predictions with physical test data. This process
relies on high quality test data and a quantitative comparison of test and simulation results.
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4.3.1 TestData

In order to generate high quality test data for the purposes of modeling a dynamic sled test, 7.1 details recommended
practices that go beyond the basic requirements of AS8049. Early communication between the test engineer and
engineering analyst provides an opportunity to determine the desired data and the prioritization of that data based on
available resources.

All tests conducted for model validation should be documented with sufficient detail to allow for the recreation of the test.
Test documentation in a certification package may be sufficient for full-scale sled tests. Component and material
characterization tests will require unique documentation, which should include geometry, initial and boundary conditions,

loading rates, and photographs. Additional guidance is provided in 4.5 and 7.1.2.

4.3.2 Validation Metrics

A validation metric is a
value. This provides a g
method to calculate th
otherwise specified, ev
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The most significant sy
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Sensitivity An

and other information.
hge of experimental or
Huantification.

alysis

Sensitivity analysis is closely related with uncertainty analysis; while the latter studies the overall uncertainty in the
conclusions of the study, sensitivity analysis tries to identify what source of uncertainty weighs more on the study’s
conclusions. The practitioner will find that disciplined use of the tools and techniques in sensitivity analysis will provide
insight not readily understood by ad-hoc cause and effect studies. Typically, problems of complexity addressed in this
document are non-linear in nature and multivariable. The multivariable model inherently leads to a multi-dimensional solution
space, which can be difficult to understand without these methods.

Quite often, some or all of the model inputs are subject to sources of uncertainty, including errors of measurement, absence
of information and poor or partial understanding of the driving forces and mechanisms. This uncertainty imposes a limit on
our confidence in the response or output of the model. Good modeling practice requires that the modeler establish
confidence in the model. This requires, first, a quantification of the uncertainty in any model results (uncertainty analysis);
and second, an evaluation of how much each input is contributing to the output uncertainty.
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Sensitivity analysis addresses the second of these issues, performing the role of ordering by importance the strength and
relevance of the inputs in determining the variation in the output. “Sensitivity analysis is the general process of discovering
the effects of model input parameters on the response features of interest using techniques such as analysis of variance
(ANOVA)” (ASME V&V10-2006).

Furthermore, sensitivity

analysis can be useful for a range of purposes, including:

of the model structure.

understandable, compelling or persuasive).

Model simplification: Fixing model inputs that have no effect on the output, or identifying and removing redundant parts

Increased understanding of the relationships between input and output variables in a system or model.

Enhancing communication from modelers to decision makers (e.g., by making recommendations more credible,

Finding regions in t
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Uncertainty reducti
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Searching for errors

In general, most se
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Cit uncertainty distributions from subjective data.

utput to be analyzed (the targetofinterest should ideally have a direct relatio
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efine-limitations on the model (2.1.4.21). Sensitivity analysis is recommendg
termine the sensitivity to model inputs that are difficult to measure (e.g., fr

ne space of input factors for which the model output is either maximum<or nLinimum or meets some

bn: ldentifying model inputs that cause significant uncertainty in the outplit and should therefore

d outputs).

n be difficult and many
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d throughout the model
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not known with high certainty (see Figure 4).
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Validation * At each “V” in the
experments / %ﬂ:ﬁ;m:‘smum validation domain, one can:

* Calibrate parameters

* Compute a validation
metric result

(P2
* Toapproximate the

validation metric overthe

b validation domain, ene can:

* Interpolation function

* Regression fit

* Beyond the validation
demain—ene-must——
extrapolate the model

i, parameter characterizing the system or the surroundings

(exy,iy) (o5, fis)

o, parameter characterizing the system or the surrcundings

(adapted from Trucano etal, 2002)

Figure 4 - Application domain (extrapolation) versus validation domain (2.1(4.21)

There are varieties of rethods available to perform a sensitivity analysis. <the choice of methodq should be sufficient to
match the complexity of the problem. In its basic form, a sensitivity analysis, Design of Experiments, or ANOVA analysis
can be performed in pgpular spreadsheet programs. Alternatively, comirercially available software tools are available to
streamline the setup, execution, data collection and analysis of the-study. Most of these tools algo provide the ability to
develop a pseudo-model (often referred to as response surface model or RSM) which is useful for understanding the

extrapolation into the a

Sensitivity analyses ca
conditions, which can ¢
model inputs where the

An example of the seng
parameter) on the hip d
can be quantified by ca
load deflection characts
of the foam (see examy
level (e.g., to evaluate
sensitivity analysis at th
observe effect on maxir

plication domain of interest.

n be used to document the sensitivity of the model to different parampters or differing initial
uide limits on extrapolation of.the’ model. Sensitivity analysis can also be| used to justify specific
Hata was not explicitly known (i.é., to show that the input has little or no effect{on the model behavior).

itivity of the model to a\parameter is the effect of the seat bottom cushion material properties (input
isplacement and lumbar load (output parameters). The uncertainty of the fpam material properties
rrying out more sted-tests, running multiple material characterization tests fo better understand the
ristics of the foam(see examples E1 and E2 in Appendix E), and by determlining the rate sensitivity
le in Appendix E). Sensitivity analysis may evaluate the effects of input pgrameters at component
material models) or system level (e.g., to evaluate global or specific resgonses). An example of

e systemplevel is included in Appendix E where the pretension in the restrgint system was used to
hum_héad excursion (E.4).

An example of sensitivity

ween a seat cushion and

the v-ATD in a horizontal condltlon Mult|ple values of frlctlon coefﬂments such as 0 0, 0.3, and 0.5, can be simulated. If the
model results, such as head x-motion, are insensitive to the applied friction coefficients, then the typical value of 0.3 can be
considered acceptable.

An example of sensitivity analysis for model extrapolation is evaluating the initial position of the head and the location of
any structures which might be struck. The initial model should match these positions within the tolerance; however, future
applications may change the SRP and seat geometry such that the initial head location might change. A sensitivity analysis
could be conducted to determine what effect these variations have on the impact velocity and resulting HIC calculation.

4.4 Material Characterization

The characterization of materials is inherently important to the resulting system response and takes on a critical role for
dynamic load cases where large displacements or permanent deformations are very common. Complicated materials such
as strain rate sensitive foams and dedicated energy absorption techniques may be incorporated. There are three model
inputs that affect material performance: material properties, constitutive models, and element formulation.


https://saenorm.com/api/?name=c979c511b831e24f8a7b43124cb9c489

SAE INTERNATIONAL

ARP5765™B

Page 33 of 103

Within the building block process, coupon, component, and sub-system level tests are performed. These tests can be used
for material characterization and/or model calibration purposes. These tests may be performed under engineering test
protocols with traceable documentation or based on the purpose such as if the testing is to develop allowable for strength
margin calculation for a new and novel material or system level testing, it may be required to be considered as certification
tests requiring authority concurrence. Table 8 provides general guidance for typical seat building block component tests
and test witnessing protocol for reference.

Table 8 - Typical building block component tests and test witnessing protocol

Building Block
Approach Purpose Test Protocol
New and novel material characterization to
Coupon Testing develop allowable for strength margin Certification
(Metal, Composite, calculation
Foam, Plasfic, Gtass) NVatertal characterizatton (bridge testing) o Enai :
) ngineering
develop material model
Structural Qetails Validation of Structural joints, fittings, restraints Endiferir
(Joints and [Fittings) system, seat-to-airplane interfaces g 9
To develop material model and/or model Ehai .
S ngineering
Componen{ Testing callbrgtlon . .
Establish design load for seat-to-airplane Endineerir
interfaces and model validation 9 9
Sub-Systenp Testing Sub-system verification and validation Engineering
System Tedting Dynamic simulation model validatioh Certificatign
ésggi:t#ézlrlg;igtr;tgl and Certification test for critical seat/seats Certificatign

4.4.1

To predict the dynamic
to the basic material ¢
properties can be refer
(MMPDS), obtained us
(ASTM), or obtained frg
stress strain curves for
are listed in the referen

Commonly used standg

e ASTMES, ASTM D

ASTM E9, ASTM D

Material Properties

Ces.

response of a seating system, a fullload-deflection or stress-strain curve mg
roperties such as elastic modulus, yield strength, ultimate strength, an
bnced from standards such as the Metallic Materials Properties Developm
ng known and accepted (standard test methods such as American Socie
m company proprietary methods accepted by a regulatory agency. MMPL
most of the material covering plastic range. Additional resources on metallic

rd test methods to characterize metallic and non-metallic materials are:
3039: Tensile test

3410, ASTM D6641, ASTM D5467: Compression test

e ASTM D3518: Lamina shear testing

e ASTM D7078: V-notch shear test

e AS8043: Seat belt pull test

e ASTM D3574-03: High speed cushion compression test

y be needed in addition

poison’s ratio. These
nt and Standardization
ty of Testing Materials
S also provides typical
material characteristics

o DOT/FAA/AR-05/5: Development and validation of an aircraft seat cushion component test - Volume |
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Regardless of the source of the material data, the following details should be documented:

e Source of the data

Statistical basis for

Failure criteria

Reliability and repeatability of data

material properties (percentile and confidence level)

Directionality of test data (tension, compression, shear)

Orthotropy of material data (longitudinal, long transverse, short transverse)

4.4.2 Constitutive Md

The selection of consti
especially for non-mets
effect with coupon level
443 Element Formu

The type of element use

element does not inclugle bending, whereas a shell element does. Depending on the component {

may or may not be im

Additional guidance appears in 7.2.3.

4.5 Subsystems

It is recommended to ¢
such as material proper

Understanding the response of subsystems such_as-seat cushions, occupant restraints, v-ATDs

mechanisms is recomnmn

It is recommended to mpodel and simulate the:material characterization test to confirm that the sel

reproducing the physic
formulation, element tyy

dels

utive model, also referred to as material model, can affect the accuracy df the simulation output,
| parts. When choosing between multiple constitutive models, itis-recommended to evaluate the
or component level simulations.

lation

d to model a component also affects the structural résponse. For instance, & three-node membrane
0 be modeled, bending

portant. The types of elements, along with the“justification for their use, $hould be documented.

arry out component level or subsystem level testing and modeling to unde
ies (especially rate sensitive materials), behavior of joints, friction factors, an

Fstand system behavior
d stress concentrations.
, and any special seat
ended before running a full seat system simulation.

ected material model is
5 observed in the~test. This may require calibration of the FE input paranpeters such as element
e, time step scale factor, element length, and material model. At the end of pach analysis, a system

response, such as force, is compared\with the physical test result. The system response should be evaluated beyond the

loading range expecte
compression.

The use of component

d in the_full*system test. For materials such as foam cushions, this can be as high as 90%

testing and simulation is extremely important for non-metallic parts or parfs that may fail during a

full-scale test. This tect

iors to model complex

structures and have confidence in the predicted response. Special features of a seat may require development of a unique
test fixture to determine their behavior.

Subsystem validation adds another layer of confidence to the fully integrated seat model. For instance, if the material models
for individual foam layers was calibrated, then simulating a component test of a cushion composed of multiple foam layers,

along with the cushion

cover, adds confidence that the calibrated properties are correct. High fidelity subsystem models

provide a good base for the full system model, however interactions between different subsystems means that the full
system model may not have the same fidelity as the subsystems.
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Component test/model validation should be performed to characterize the following:

e Behavior of critical j

@)
O

Complex joints

o

oints and attachments

Seat fitting to seat track

Composite bonded structure
Discrete energy absorbers

Seat cushion behavior

Restraint system ar

e Structure to be ass

4.6 Seat System

After verification and s\
similar installation speci
as the physical seat sy
to system performance
validated if acceptable

application of the mode).

be included in the VVR

The guidance is applica
side facing seat as per
4.6.1 v-ATD Calibrati

Use of an appropriate V

d its attachment

pssed for head impact

bsystem validation, the seat model is compared to a dynamic test of the s
fics as the intended use of the model to show that the model reproduces the
stem. The sled pulse from the physical test should be’used in the model. G
should be identified and acceptable error limits.specified. The comput
agreement between analysis and test data can’ be shown for those pa
The calculation methods are detailed in Appéndix A. Test data used to vg

ble for all seat installation configurations including forward, rearward facin
\S8049/1, and oblique (installation"angle 18 to 45 degrees) facing seats as
pn

-ATD is an essential element of generating an accurate seat system modg

for calibration of the v-4
performs to the level th3
is conditionally complia
for the v-ATD and the a

In order to facilitate co
in a baseline configurat
H-point location (x and

horizontal and a back ans

ATDs should be docum

4.6.2 Initial Condition

ATD appears in Section 3 of this document. The end-user is responsible td
it is needed for qualification purposes and should understand the limitationg
t. Models utilized.for certification purposes should clearly declare any cond
fect it has on the outcome of the results.

parison:of the H-pt location between a physical ATD and the v-ATD, the AT

ame test condition and
same dynamic behavior
hannels that are critical
pr model is considered
rameters critical to the
lidate the model should

J seats as per AS8049,
per AS6316.

|. The recommendation
ensure that the v-ATD
in the event the v-ATD
tionally compliant areas

Ds should be measured

on. Pasition the ATD as specified in 49 CFR Part 572.11 for checking dime
Z) when seated ona r|g|d surface The rlgld surface shaII have a pan

ented.

S

sions and measure the
ngle of 0 degrees with
physical and numerical

As with all models, it is important that the initial conditions of the full seat system are accurate. Loads associated with floor
misalignment should be evaluated. This shall be checked via measured data after the preloads and before the sled pulse
is initiated. Pre-stresses and strains that affect system performance should also be evaluated. These are typically seen in
joints and restraints.

Agreement between the test and simulation for the initial position of points on the seat and ATD is a crucial step in having
a high-fidelity simulation. These points should have unambiguous definitions. Figures 5 and 6 show an example of these
locations.
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Example hard points on a typical Part 25 PAX seat are: forward seat track fitting, aft seat track fitting, front tube, aft tube,
belt anchor point, floor height, and seatback hinge point. For most of these points, knowledge of the location in all three
dimensions is beneficial. For these points, the acceptable difference between the test and model should match
manufacturing tolerances.

Other, more ambiguous (soft) seat points can also be useful. Example points are the top of the seatback, the forward most
point of the seat frame, points on the seat cushions, points on the restraints, and points on the armrest. Careful notes should
be taken regarding the exact location of the measured point (pictures can often aid in this). Due to the nature of these points,
the tolerance is less strict compared to the hard points. Some points, such as the buckle location, are only necessary if the
buckle is explicitly modeled.

Likewise, for the ATD, both hard and soft points should be evaluated. Hard points include the head CG, H-point, knee bolt,
and ankle bolt. In general, a tolerance of 0.5 inch on the initial position of these points is recommended. Under certain
conditions, an important dimension will need a stricter tolerance, e.g., H-point x and z in a download scenario and head CG
inan injury criteria scenario—Becauseof thetack-of- manufact illy toteranceson-the- =yb| te-H-ATD 1 elvis, the initial pOSitiOﬂ
comparison of the H-pt|height (z-axis) should be corrected for the baseline difference between-the|physical and numerical
ATDs, as described in 4.6.1. Soft points include the shoulder joint, wrist joint, and most forward-or jaft location of the shoe.
As with the seat soft pojnts, the tolerance is less strict compared to the hard points. For side\facing seats, points along the
mid-line of the ATD may be of additional value.

HERAD EXTENSION AFT HEAD CG

HEAD EXTENSION FWD

SEAT BACK TARGET “ -~ SHQUEDER

~KNEE
H-POINT AUX
HZPDINT AFT
H-POINT—""
——~FWD TUBE
BELT ANCHOR
AFT TUBE”” _-ANKLE

FWD SEAT TRACK
FITTING

~

VALIDATION TARETS
AFT SEAT TRACK FITTING

Approximate location of targets shown.

Figure 5 - Typical seat and ATD pre-test positions of interest
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BUCKLE LEFT

DFFSETI

BUCKLE RIGHT

4.6.3 Model Output R

Once the simulation terminates, global modeling parameters should be evaluated including mass sc

energy balance, and pe
predicted occupant and

46.4 Seat System R

As discussed in 4.1, s
quantities used to show

are not necessarily linjited to compliance channels, Support and threshold channels are use

confidence and should
beyond the regulatory n

All evaluated channels

(Table 5) using the mefrics defined in Appendix A. For channels not defined in those tables, the

correlate within 10% for
emphasized, as there n
with the magnitude and

The method of evaluatifg threshold quantities, as described in Appendix A, does not require the d

For any of the three typ

Figure 6 - Lap belt positions of interest
re-Checks
bling, hourglass energy,

bmparison of the model
on results.

netrations. Section 7.2 provides recommendations\for each. A qualitative c
seat kinematics with test videos can provide an:initial check on the simulat

esponse Quantities

stem response quantities can be separated into primary, support, and threshold categories. All
compliance to AS8049 are primary.channels and should be evaluated; however, primary channels
H to provide additional
collection of channels

be evaluated when appropriate. The analyst is encouraged to request th
hinimum with the testing laboratory.

should correlate within the defined tolerances for peak error (Table 4) [and curve shape error
rimary channels should
both peak and, curve shape error following the intent of FAA AC 20-146A. EEngineering judgment is
ay be times where different limits would be appropriate. Support channels should also be evaluated
curve shapedmetrics defined in Appendix A, using engineering judgment to determine suitable limits.
inition of specific limits.

es of SRQs, engineering judgment should be used to determine the specific channels to evaluate
d I I the S

for the reality of interest

RQs can differ greatly between a structural test, an injury criteria

test, and a combined horizontal-vertical test. Using a basic, purely forward facing, Part 25 passenger seat as an illustrative
example, typical channels for the three test conditions are described below.

For the combined horizontal-vertical test condition (Table 9), lumbar load is a compliance channel and hence a primary
channel. Additionally, the vertical component of the floor reaction load, for all seat attachment points, is needed to show
that the primary load path is modeled accurately. When available, occupant trajectory, such as pelvic vertical motion, and
lumbar bending force can be used to support the evaluation. Belt loads are essentially zero throughout the critical portion

of the test and are not

typically measured. The simulation belt loads can be compared to either measured loads or an

assumption of zero load using a simple threshold. This threshold is used to show that there is no anomaly in either the test

data or simulation data.

Table

9 - Typical channels for horizontal-vertical test condition (Part 25 PAX seat)
Primary Support Threshold
Lumbar Fz Occupant Trajectory | Belt Load

Floor Reaction Fz Lumbar My
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For the structural test (Table 10), the floor reaction loads for the highest loaded legs are primary channels, both in the
horizontal and the vertical direction. The floor reaction loads for the other legs are typically lower in magnitude and are
therefore support channels. The lateral component of the load is likely to be minor in comparison to that of the horizontal
and vertical directions and therefore is considered a threshold channel. Because the belt loads are part of the primary load
path, this channel is considered a primary quantity. Occupant motion can be used to provide supporting evidence that the
structure is properly loaded and that the measured reaction forces are correct for the right reasons. Loads associated with
floor misalignment should also be evaluated. This shall be checked via measured data after the preloads and before the
sled pulse is initiated.

Table 10 - Typical channels for structural test condition (Part 25 PAX seat)

Primary Support Threshold
Floor Reaction Fx, Fz, and Fr
for highest loaded legs in
tension @M TTOMpPTeESSion

Floor Reaction Fx, Fz, and

Fr for all other legs Floor Reaction Fy

Peak strain instrugtural
Belt Loads Occupant Trajectory members in the primary
load path

For the injury criteria tegt (Table 11), multiple channels are needed to show that the 6Ccupant motion and interaction with
surrounding structures [s accurate. Several channels are also available to provide(Supporting evidence for example Head
Acceleration Ax and Az are the support channels for Head Resultant Acceleration and HIC. Unlike the previous two
conditions, the head trajectory is now considered a primary response, particularly if this model is gping to be used to show
that the head does not ¢ontact any aircraft structures.

Figure 7 shows an exarmple of the qualitative comparison of the headdmpact location

Tabfe 11 - Typical channels for injury criteria test condition (Part 25 PAX 1eat)

Primary Support Threshold
Head Resuljant Acceleration and HIC | FloorReaction Fx and Fz Floor Reaction|Fy
Head X and|Z motion Head Acceleration Ax, Az Head Acceleration Ay
. Pelvic Acceleration and/or
Belt Loads (belt payout if present) Knee Motion
Femur Fz ' Target Seatback Motion
Impact Location 2 Head Impa;:t Time, Velocity
and Angle

NOTES:
T Femur Rz should correlate if the applicant and ACO determine that it should be evaluated.
2 Qualitative evaluation.

3 Single value 6nly, no shape evaluation.



https://saenorm.com/api/?name=c979c511b831e24f8a7b43124cb9c489

SAE INTERNATIONAL

ARP5765™B

Page 39 of 103

1

B

= Head Strike Regiofifrom Test

«asss Acceptable Head Strike Region fro

i

5. MODEL USE

4 T . ™)
~.”
- ."' .'1. * : '\
a R |
[ N . : "
. . 4 N, —
o | & / '+‘. .’4‘
.= \ IFE MONITOR
. -] d o y
\ ,

Simulation

» Unadceptable Head Strike Region

from Simulation

Figure 7 - Qualitative comparison of head impact location

Given a model that has|been validated for thelintended use, the analyst will use the model to evalliate the seating system

in lieu of physical tests,

within seat development or a seat certification program. For seat developme
and simulation are wideppread. For certification, a more conservative approach is recommended. FA

guidance for when M&P could be used-to reduce or replace physical tests or show compliance

focusing on modeling i

instead of testing (chanpe to seat-design, change to installation).

The model used for prefiction should be identical to the model used in validation with modifications|
Eor example, if the goal of the model is to predict the impact of changing

extrapolation of interes

support of.testing (worst case scenario design, installation, or head strike

nt, the uses of modeling
A AC 20-146A provides
with federal regulations
potential) and modeling

only due to the specific

the seat pitch, then the

only difference between the validation simulation and the model use simulation should be the seat pitch. No other changes
to the model are legitimate (with the exception of the pulse, see 5.4 and 7.2.7).

The specifics of model use will vary based on the specific intent. This section is intended to provide general guidance on
the use of a model that has been validated for an intended use.

5.1

Hardware and Software

Model use simulations should be performed on the same hardware and software platform used for validation. If a different
software version and/or hardware platform is used from the initial validation, the validation model should be reevaluated.
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5.2 Verification

In general, the same time step and mesh should be used for model use simulations as was used for the validation
simulation(s). In some cases, the change in the model will necessitate a new time step or mesh. For example, changes to
a seat pan such as the addition of holes or reinforcements, will require generation of a new mesh and this mesh may require
a different time step. Changes to the material properties may also require a different time step if the stiffness or material
density is significantly different. The user is encouraged to follow the recommendations in 4.2 when the changes to the
model have a potential to affect the time step or mesh.

5.3 Subsystems

When using the model to substantiate changes to the seat design, use of subsystem models is encouraged. Subsystem
models should be verified and validated (see Section 4).

5.4 Load Application

Model use simulations

validation simulation(s)
simulation(s). Regardle
requirements of the per|
5.5 v-ATD

Model use simulations
should be identical to th

the level that is needg¢d for qualification purposes and should understand the limitations in t

conditionally compliant.
use simulations.

5.6 Initial Conditions
v-ATD positioning: The
to the seating structure

Floor deformation: The
Additional guidance is f

Restraints: Fitment of t
when possible. Change
in7.2.4 and 7.2.8.

should apply the sled pulse in the same manner (acceleration versuscdeced

Additionally, the user is recommended to use the same puls€-as was
ss of the application method and specific profile selected, the applied
linent regulation. Additional guidance is contained in 7.2.7.

hat utilize a v-ATD should use a calibrated v-ATD; per Section 3 of this dg
at of the validation simulation(s). The end-user is.responsible to ensure tha

It is important that any limitations inherent in'the v-ATD not adversely impact

positioning of the v-ATD should‘match that used in the validation systems W
may require a new seating pesition. Section 7.2.8 provides additional guida

means of applying structural deformation should match that used in the
rovided in 7.2.8.

ne restraints_and any required preloads or slack should match that used ir
5 to the seating structure may require a new fitting of the restraints. Additior]

Clamping: Preloads reITted to clamping of one part to another should match those used in the valig

leration) as used in the
used in the validation
pulse must meet the

cument, and the v-ATD
t the v-ATD performs to
ne event the v-ATD is
the results of the model

hen possible. Changes
nce.

alidation simulation(s).

the validation systems
al guidance is provided

ation simulation(s).

5.7 Limitations

It is recommended to evaluate how the assumptions/simplifications of the model might affect the output of the computational
model, the interpretation of the results, and the relevance to the purpose of the study. For instance, if a buckle is not explicitly
modeled, then certain aspects of the restraint system cannot be evaluated with that model. If loads in the structure or loads
transferred to the aircraft increase compared to the loads measured in the validation simulations, then the risk of structural
failure should be addressed. Significant changes to the material or mechanism of load transfer of the seat-to-floor
attachments from the certificated baseline seat design (which includes the seat-to-track fitting and track substantiated under
TSO-C127x), will require a new series of dynamic tests and are not candidates for certification by analysis.
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AS8049 compliance requirements: Table 12 lists assorted compliance requirements defined in AS8049. “Not practical”
means that with the current state of the art of M&S, it is either not possible or not practical to use M&S to answer these
questions. If a dynamic model is used as part of the certification, another means of compliance with these paragraphs of
the requirements would have to be developed. “Possible” means that it can be accomplished with the dynamic model but is
not a guarantee of success and may not necessarily be accomplished. For instance, for determining the post-test
deformation measurements, it may be necessary to conduct an additional implicit analysis to apply the restoring force to
get the seat back to its nominal resting position. If this cannot be done, then showing these data would then be “not practical.”

Table 12 - AS8049 compliance requirements

Compliance Can be
Requirement Demonstrated by
SAE # Requirements Numerical Analysis Comments
5.3.9.13 Live vest retrieval Not practical
541 Seat stfucture Temam Possible The modet witrhave 1o demmony trate that it properly
attachef predicts failure.
Damage prediction may, be pogsible by comparing
Predictipn of primary Possi maximum stress/straif-data with accepted values;
ossible AR -
structurpl damage however, this is justpredicting|[damage and not
failure; would needto determirje acceptability.
Deform atlor), crippling, Possible
shear buckling
542 Occupgnt restraint system Possi Belt pathyand location should Qe evident when
4. . ossible S ; i
remaing attached reviewing the occupant kinematics.
These would require a very fing mesh and other
Damagg prediction: N . techniques to simulate fiber layup and typically
fraying,|tears ot practical beyond the capability of most restraint system
ying, Yy p y y
models.
Buckle release and This would require detailed mgdeling of the buckle
damage to components Not practical and its operation/mechanism gnd is generally beyond
affecting buckle release most dynamic models.
While the payout itself is not a fequirement, it can be
important to measure this quantity to aid in the
Seat bt payout Not practical assessment of the belt performance. Since the
buckle and ring connectors arg not modeled at this
time, belt slippage and payout cannot be determined.
The final resting portion of the peat can be
determined, but a subsequent pnalysis would need to
be conducted to apply the restpring force. Because
Seat pdrmanent this restoring force cannot be readily applied or the
deformation within floor unwarped, the final permgnent deformation
quantitiitive limits (C/B point cannot be determined. Hpwever, a conservative
543 ratio, seat-pan rotation. Not practical approach may be to use the mhximum dynamic
seat permanent displacement and compare that with the warped
deformation); refer to 3.5 of configuration to determine an estimate of the
AS8049 permanent deformation. Consideration must be given

here if the permanent deformation cannot be
determined as this will severely limit the application
of the model for structural evaluations.

Deployable Items affecting

egress (tray tables, leg Possible As long as the action is modeled appropriately.

rests, video monitor, etc.)

Stowable seats near exits . The seats would be modeled and validated as
. Possible

or exit path regular seats.

54.4 HIC not to exceed 1000 Possible Part of the kinematic determination of the v-ATD.
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Compliance Can be
Requirement Demonstrated by
SAE # Requirements Numerical Analysis Comments
This would require a significantly small mesh in all
areas or running the model many times increasing
Post-test delethalization, . mesh density in areas were failure was predicted. A
. Not practical . .
sharp edge evaluation better alternative would be to determine areas of
where damage occurs and conduct specific testing
on those objects for evaluation.
545 Upper torso restraint loads Possible Part of the loads determination.
not to exceed 1750 pounds
54.6 Lumbar load not to exceed Possible Part of the loads determination.
1500 pounds
Uppe.r torso restraint Belt path and location should be evident when
547 remaingonm ATD during Possibie T : .
impact reviewing the occupant kinematics.
Pelvic restraint remains on . Belt path and location should Qe evident when
54.8 : oo Possible S ) s
ATD pelvis during impact reviewing the occupantkinematics.
- . Belt path and location’should Qe evident when
Submafining Possible S ; i
reviewing the ogcupant kinematics.
549 Femur joad not to exceed Possible Part of the loads determination.
2250 pounds
While the items of mass will bg included, the details
5.4.10 Retentipn of items of mass | Not practical regardmlg how Fhey are attache d and the fitting
mechanisms with their associated strengths to the
seat are not included.

5.8 Factor of Safety

To account for the testir
For example, repeated
tightly controlled. Assu

g uncertainty, conservatism can be-incorporated into validation and model u
testing of seat cushions show a typical variance about +125 pounds when
ming the uncertainty is normally distributed, the standard deviation is 41,

deviations within the 25
below the regulatory li

is recommended that oply seat configurations.with dynamic test data that yield spine loads below

used for validation (Ta
below 1430 pounds be
that models can exceed

le 13). Likewise, for model use, it is recommended that only models that
used and adjusted/for any under-prediction when testing was completed U
1430 pounds:in‘the validation phase.

Table 13 - Example peak lumbar loads

se via a factor of safety.
testing parameters are
K7 pounds (6 standard

0 pound range). Based on this standard deviation, there is a 95% confidence that the true load is
r;Et of 1500 pounds if the measured or simulated load is no greater than 143

0 pounds. Therefore, it
1430 pounds should be
produce a lumbar load
sing the Hybrid Il. Note

Model Use

Validation Hybrid 1l

EAA Hybrid Il

odel Use

Model Under Predicts

Test = 1400 pounds,

Model = 1350 pounds Model = 1380 pounds or less

Model = 1430 pounds or less

Model Over Predicts

Test = 1400 pounds,
Model = 1450 pounds

Model = 1430 pounds or less

Model = 1430 pounds or less

Given two dynamic tests with the same desired deceleration profile, the maximum HIC values will likely vary. Therefore, a
precise match between the test derived HIC and the analytical HIC is not realistic. However, the maximum analytical HIC
value should correlate to within 100 HIC units of the maximum test derived HIC value. The applicant is encouraged to
generate conservative HIC prediction models. One method to add conservatism to the process is to incorporate test
uncertainty as a factor of safety in validation and model use. Using the same process as above and assuming a typical
variance of £200 HIC units, the 95% confidence HIC value is 890. Therefore, it is recommended that only seat configurations
with dynamic test data that produce a HIC value below 890 should be used for validation (Table 14). Likewise, for model
use, it is recommended that only models that produce a HIC value below 890 be used and adjusted for any under-prediction
when testing was completed using the Hybrid Il. Note that models can exceed 890 in the validation phase.
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Table 14 - Example HIC values

Model Use Model Use

Validation Hybrid Il FAA Hybrid Il
Model Under Predicts Test = 850, Model = 800 Model = 840 or less Model = 890 or less
Model Over Predicts Test = 850, Model = 900 Model = 890 or less Model = 890 or less

5.9 Sensitivity Analysis

If the conclusions of the analysis are significantly dependent on the assumptions and/or simplifications in the model, the
analyst should conduct a sensitivity analysis of the parameters associated with those assumptions and/or simplifications.
Sensitivity analysis is recommended to guide the extent of extrapolation and to define limitations on the model as well as to
determine the sensitivity of model inputs that are difficult to measure (e.g., friction) or inputs that are not known with high
certainty.

5.10 Post-Processing Aind Results
Provide channels as pef AS8049 from the model use simulation(s) following SAE J211-1 forsamplg frequency and filtering.
If a quantity is derived flom a numerical model, the means of obtaining the results should:be documegnted. Primary channels
should be compared to|the regulatory limit to determine whether the design/installation passes. The primary and support
channels should also b¢ compared to the validation simulation(s) results to determifie'how much thg values have changed.
Significant differences should be addressed, specifically to determine if the simulation is erronequs and to evaluate the
effect of the differences|on the system performance.

6. DOCUMENTATION OF V&V AND MODEL USE

It is important to document the model development, verification and validation activities, and modlel use. Documentation
should include the ratignale for the selected equations, list thetassumptions, and discuss the repults and uncertainties.
Enough detail should bg included to determine the correlation‘\bétween the physical seat and numefical model. The level of
detail required in each gection will depend on the complexity of the concept and its impact on the model response. In many
cases, a simple paragraph or table providing the information' may be sufficient. Likewise, referring to attached documentation
will also satisfy the reqyirements.

The context of the mog
needed for the analysis
types of information to i
of interest to include in
Use engineering judgm

The term “provide ratio

e use, i.e., the goal of the project, should be discussed as this will guid¢ what components are
and which can be safely excluded. The sections provided below are meant|jto be a guideline on the
hclude in the reportjthey may not be relevant or important to every model. There may be other items
the report and some of the below items may already be documented in th¢ seat certification plan.
ent on which.sections apply.

hale” is_used throughout this section. This simply means to state the sourcg or reasoning behind a

specific choice. For examplée,the rationale for the selection of MMPDS “A” basis material data could be that the part in

question is a structural

meant to go into a scienti

6.1 Summary

member in the prlmary Ioad path but is onIy expected to experlence elasfic deformation. It is not
) ) eftain choices.

The purpose of the executive summary is to provide a concise, high-level overview of the entire report so that a reader can
quickly understand the modeling and simulation conducted. The items in the executive summary should be included in more
detail elsewhere in the report. The summary should include the following:

study (e.g.,

State the vendor of

Briefly state the modeling approach and summarize the type(s) of analysis(es) conducted in the computational modeling
rigid body or FEA,; static or dynamic, implicit or explicit).

Briefly summarize the model at a high level (number of seat places, impact direction, orientation, etc.).

If the seat is for a family of seats, describe other applicable seat models.

the commercially available analysis code.
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e Discuss the simulation results (and experimental validation) and their implications for certification (i.e., the comparisons
were acceptable except for which variables).

e Summarize the model limitations or conversely, the conditions where the validation is applicable.

e Summarize the conclusion(s).

6.2 Introduction

Discuss the purpose and scope of the analysis, as this will dictate the relevant details necessary for review. Give a brief
description of the type of seat test and configuration. The details provided in this section should correspond to the objectives

of your analysis (i.e., calculate lumbar load for a 14 g down test in a two-place transport category seat).

6.3 Numerical Implementation

Provide the following details regarding the software used in the numerical implementation of the-analysis.
e Provide the name (|ncluding version number) of the software used to solve the model(s).
e Provide configuratign control information such as platform, operating system, software build, efc.
e Provide details on the solver routine used including whether the solution is"implicit or explicit.
e Ifav-ATD is used, provide the following information on the v-ATD.

o Specify the AT (i.e., Hybrid 1l, FAA-Hybrid lll, etc.).

o Provide the vergion number of the v-ATD.

o Describe the cqmpliance of the v-ATD with regards)to Section 3.

o Describe any limitations of the v-ATD.

o Attach v-ATD chlibration report.
6.4 Seat System Gegmetry

Provide a high-level degcription of the-seat to be used and where it will be installed as it pertains to the configuration being
analyzed. This could in¢lude infokmation on the degree of overhang, the seat place width, or seat plitch.

Provide details regarding the seat geometry modeled, such as CAD drawings or other dimensional details. Describe the
critical components tha’! are'in the load path for the specific scenarios that were tested and modeledl. Describe the restraint
system used and any addifional features. This may include load ImIters, inflatables, or shoulder harnesses.

6.5 Material Models and Material Properties

Provide details for the material models (constitutive laws) used to describe the mechanical behavior of the seat and
reference the solver material identification. Provide a rationale for the constitutive model chosen to represent the material
behavior. Provide the material properties (input data) used in those material models and state how the data were obtained.
Referring to the solver manual will reduce documentation but may delay acceptance.
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For each material, reference the material inputs necessary to fully characterize the relevant mechanical behavior of the
material. This may include:

e Source of material inputs which could include:
o Provide a reference if obtained from literature.
o Test description, e.g., uniaxial tensile test, compression test, etc.
o Sample condition, e.g., geometry, processing, heat treatment.
o Protocol, e.g., loading rate, frequency, mean strain.

o Environment, e.g., temperature, humidity.

o Obtained characteristics, e.g., force, torque, displacement, time.

o Derived force-displacement or stress-strain-curves, etc.

o Method(s) used to compute the material properties from the test data (statistical basis).
e Material law coefficlents.
e Elastic modulus.
o Ultimate tensile strength.
e Plateau stresses ard elastic strain limits.
e Strain at break.
e Viscoelastic properties.
The materials used in the testing should represent the design details of the parts of interest, to the pxtent possible.
6.6 Mesh (System Digcretization)
Provide the following dgtails regarding'generation of the mesh:

o Element types useq in the analysis.

e Mesh density.

o Element quality for the different element types in the model, such as aspect ratio, Jacobian, and crash time step.
¢ Mesh refinement or adaptive meshing used.

It is recommended to provide figures depicting the mesh at relevant scales, especially in transition regions or regions of
complex geometry and regions of high stress or strain. For critical parts, overlay CAD data with FE to show geometric
conformity.

Mesh convergence: For implicit/static analysis on a component level model, provide a convergence analysis (tabular or
graphical representation) to demonstrate that the results are independent of the element size. For explicit analysis, provide
a rational stating how the results are mesh independent.
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If portions of the seat were modeled with differing discretizations, analysis methods, or simplifications, describe and provide
a rationale for these differences (e.g., conducted part component tests and replaced with beam elements, non-structural
part not in the load path, etc.). If seat has unique geometric features that might affect the analysis (e.g., seat pan contour),
then describe how those were or were not accounted for in the model. Finally, regarding the method of construction, please
include relevant information on limitations and assumptions as related to the geometry.

6.7 Boundary and Initial Conditions
Provide information regarding the conditions that were imposed on the system. These might include, but are not limited to,
the boundary and loading conditions, initial conditions, and other constraints that control the system. These items may

include:

e The acceleration pulse from the test.

e The location of any[ballast weight.
e For a structural simplation, describe how the floor warpage was applied to the model.

e Provide a descriptipn of the initial conditions included in the model such as pretefsion appli¢ation and pre-stresses
included in the components.

e State the contact conditions in the model, including friction.
e Describe the model control parameters, including: units, time step, start/stop times, global damping.
6.8 Post-Processing find Results

SAE J211-1 and SAE J211-2 should be followed for any data collection and AS8049 should be folloyved for any seat system
testing.

Provide the following:

o Describe the compytational model output. If applicable, describe any post-processing calculatiops done to arrive at your
output.

e Energy balance (in¢lude sliding interface energy).
e Mass scaling used.
o State whether any ¢lements have exceeded a failure criterion and the details of such failure.

e Provide the values pnd)graphically display the location(s) of critical stresses, strains, forces, or|displacements.

If multiple loading modes were modeled separately (static warpage, then dynamic pulse), discuss the implications of
superposition of stress or strain states for each loading mode (e.g., location, direction, and phase of the critical stresses or
strains).

6.9 Validation

Provide information regarding the methods employed to validate the computational model. Validation of the seat system
model establishes the level of accuracy and predictability of the model and defines the limitations of the model. The results
of a validation study serve to support your choice of constitutive relationship, material properties, meshing, and contact. The
following format for presenting that information is suggested.

Compare the simulation results to the test data for the primary, support, and threshold channels, when available, as
described in 4.6. Specify the type of information that can be gained from the validation experiment and its relationship to
model predictions and accuracy.
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Describe the physical test conditions used for the model validation study. This could include:

e Any component tes

ts conducted.

The final full-scale seat dynamic test.

conditions, and initial positions.

Any structural failures that occurred during the testing.

Include information and rationale for items like which component or subsystem selected, boundary and loading

Describe the locations on the seat or ATD where the experimental measurements were acquired. For example, describe
the locations of additional photo targets placed on the ATD.

Describe the boundary

State the primary, supp
A and list in a table. In
simulation results are s
is able to capture releva

Include in the discussio)
different leg spacing), i
between the validation

6.10 Model Use

Document the intent of
models, contact algorith
AS8049. Results may b

Itis recommended to pr
affect the output of the

6.11 Limitations
Discuss key limitations
predicted for this memh

applied.

If the conclusions of the
on a sensitivity analysis

hnd loading conditions used for the model and describe how they relate to th

brt, and threshold channels. For primary channels, calculate the error\metric
clusion of plots is encouraged. For the support and threshold channels,
milar to the extent that it is useful. Provide a kinematic comparison to dem
nt behavior.

h the relevance of the seat system test to other possibletest scenarios (i.e
mplications of model and experimental assumption§)on the results, limita
model and experiment, and the extent of predictability of the seat system m

b validation experiment.

5 according to appendix
show that the test and
onstrate that the model

, same seat family with
ions on the agreement
Ddel.

the model use. Document all changes tothe model including rationale for
ms, friction factors, etc. Provide the results of the model use simulation(s) i
e presented in more than one format (e.g., table, graph, and plot).

ny changes to material
luding channels as per

bvide details regarding how thé assumptions/simplifications described in the|previous sections might

omputational model, the interpretation of the results, and the relevance to the purpose of the study.

er. This should“include items not compared per 5.7 and under which cond

analysis are significantly dependent on the assumptions and/or simplificati
of the parameters associated with those assumptions and/or simplification

of the model. For:example, if a baggage bar was modeled using beam elements, failure cannot be

tions the model can be

bns in the model, report

3
D -

6.12 Conclusion

Summarize the M&S efforts with respect to the purpose of the analysis and how the analysis relates to the regulatory
submission. Discuss the results in the context of the modeling objectives and their implications on seat performance. For
example, discuss how any failures are noted and how to use the model to assess any failures that may not have occurred
during the system testing. Additionally, address the following points:

o Discuss any inconsistencies between the modeling results and the modeling assumptions and simplifications.

e Discuss the sensitivity of the results to variations in modeling parameters (e.g., material properties, boundary conditions,

geometry).

State the overall conclusions of the computational modeling study and whether the objective(s) have been met.
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7. BEST PRACTICES FOR TESTING AND MODELING

The purpose of this section is to provide recommended practices that will assist in the development and evaluation of an
aviation seat model. The testing subsection provides guidance on how to conduct a dynamic sled test in order to provide
the seat engineering analyst with as much information as is reasonable. These efforts go beyond those recommended in
AS8049, as the purpose of tests conducted in accordance with AS8049 are different from tests run in order to provide data
for validation of computer models. The modeling subsection provides the industry’s current best practices for the
development of aviation seat models. Because analytical methods are rapidly evolving, these best practices are expected
to change with time and should not be considered a requirement.

7.1 Testing Best Practices

In addition to the requirements in AS8049, several modifications of a full-scale sled test protocol are needed to provide

optimal data for the purposes of modeling a dynamic sled test. In general, more data is needed than a test or simulation
engineer may initially rgati 7S i i i i limited data have been

ese scenarios can be difficult as the parameters necessary to ensure/av
not be feasible to perform all of the items listed here, the more informati
accurately replicate the sled test results. Early and good communication be

collected. Modeling of {
measured. While it ma
better chance there is t

blid simulation were not
bn that is available, the
tween the test engineer

provides an opportunity to clarify what data is needed and allows the test ¢ngineer to prioritize the
ased on available resources.

and engineering analys|
collections of this data

7.1.1  Consistent ATD Pre-Test Position
| parameters. The ATD
However, some aspects
n. In order to provide a

al steps can be taken.

ATD is important since initial position affects the kinematics and measure
h AS8049 are a good starting point for achievingconsistent ATD placement.
dure are not defined sufficiently to ensure a fully reproducible initial positid
bt can be easily replicated by the engineeringanalyst, the following additior]

Care in positioning the
installation procedures i
of the installation proce
seating methodology th
7.1.11 ests or when determining the 1 g pre-load position for a download test, the amount of force pushing
the ATD into the seat back while it is being loweredinto position should be controlled (2.1.4.10). Prior to the ATD
contacting the bottom cushion and until it is Iowered completely into place, an approxifately 20 pound (89 N)
force should e applied continuously to the lewer sternum of the ATD and the upper legs should be kept horizontal
by supportinz them just behind the knees. References to the sequence and a pictofial guide to achieve a
consistent ATD position are available in“2.1.4.10. The v-ATD should be positioned using the same force in a
similar manner.

For forward t

71.1.2 Normally the stiffness of

he initial orientation of the pelvis about the y-axis should be documented. |
pine and the.pelvis and thigh flesh contact will inherently result in the pelvic X-axis being

parallel to‘the upper leg when the ATD is placed in a typical aircraft seating position. If the pre-test
pelvis orientgtion differs_significantly from this nominal orientation, then the cause (such|as binding in the femur
ball joint or [degraded flesh components) should be determined and corrected. Ong way to facilitate this
measurementf is to-sCribe lines on the side of the pelvis that are parallel and perpendiculpr to the pelvic load cell
mounting surface. If these scribed lines also intersect with a line passing through the fgmur balls (the H-point),
then they can be useful in placing targets from which the pelvis position and orientation can be determined
(2.1.4.10). Specialized electronic sensors are also available to measure the initial pelvis orientation.

For all tests,
the lumbar {
approximatel

7.1.1.3  When positioning the ATD for a download test, it is important that the pelvis position and orientation matches the
recorded 1 g position as closely as possible. Ideally, the x-location should be within 0.2 inch (5.08 mm), the
z-location should be within 0.1 inch (2.54 mm), and the angle about the y-axis should be within 2 degrees. These

values should be considered a goal and will not always be achievable in a reasonable amount of time.
7.1.2 Test Documentation
Accurate and complete dimensional information about the seat, interior components, restraint systems, and occupant

position is a critical component to building a valid model. Documentation of initial preloads, post-test deformations, and
failures are also important.
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7.1.21 Seat and Interior Mockup Measurements

o While detailed drawings of the seats tested are usually available to the engineering analyst, an easily identifiable point
on the seat should be measured to relate the seat position to the rest of the sled setup. The positions of any adjustable
seat features should also be noted. If drawings are not available, then the location of seating support surfaces (seat
pan and back), belt anchors/guides, and cushion dimensions should be determined. If the floor is deformed prior to the
test, then sufficient measurements should be made to compare the pre-test position with the virtual representation of
the seat after floor deformation is applied.

e The location of the floor or any other surfaces included in the test setup that the occupants may interact with should be
noted. After floor deformation, the position should also be noted.

¢ Knowledge of the length and position of all belt segments, even an approximation, will facilitate the placement of belts
on the v-ATD. The segment lengths of non-adjustable portions can be obtained from belt assembly drawings if available;
otherwise they sho
inertia reels, should always be measured If measurement of the segment lengths pre-tést-ig not practical, then an
alternative is to mark the belt prior to test and then measure post-test. In addition, t0) segment lengths, pre-test
measurements of the location of the anchor, buckle, and at least one intermediary point'for each segment, will further
improve the accuragy of virtual belt placement. For a shoulder belt, the centerline of'the belt af the top of the shoulder
is a very useful intefmediate point. The pre-test belt location measurements should’be done aftgr any floor deformation
is applied if the deformed position will be the initial condition for the simulation.

o Post-test deformatipn of pertinent seat features should be documented tocompare with model pfedictions. The post-test
seat measurement$ should be done before restoring the floor if theiXdeformed position is the final condition for the
simulation.

7.1.2.2 ATD Position

e Measure the pre-tept position of the ATD(s). The points ahd angles measured should be thosg that are readily found
on the v-ATD. The most useful points to measure are-anatomical landmarks such as the Head CG and joints such as
the H-point, knee, and ankle, all of which can be directly compared with v-ATD features. Typigally, in a physical test,
the surface or targef marker attached to a joint or Jandmark is measured, while for the v-ATD, th¢ joint or body centerline
is reported. Documentation of what specifically has been measured will make it possible to relgte the location between
the physical systemn and the numerical system.

e Often direct access|to the H-point marker is obstructed due to armrests or the lap belt. In this case, the location can be
derived from other gccessible targetstattached to the pelvis. If no pelvis targets are accessible, then the H-point location
can be estimated from the Head-CG and knee location using ATD anthropometry data. Note thaf this estimation method
may not provide enpugh precision to adequately determine if the ATD is in correct 1 g preload ¥ location for down load
tests. Some means|of directly-measuring the initial pelvis Z location will need to be devised for [those tests.

e Basic length meast res can also be useful, such as the distance between the knee centerline$, the distance between
the elbows, and th : ese distances can be
replicated in the simulation W|th preC|S|on Specmcally, thls means that dlstances should be between hard points that
are readily located on both the physical system and the numerical system.

e For tests with floor deformation, measuring the ATD position before and after deformation provides important
information for setting up and evaluating the simulation. If post-deformation, but pre-impact, measurements are
impractical, the results of photometric analysis at time zero may be substituted.

¢ While not a substitute for pre-test measurements, pre-test pictures provide additional information, such as the
placement/orientation of the arms, hands, and feet, which are not easily accounted for by pre-test measurements. Setup
pictures before and after floor deformation may also aid in capturing details of the effect of pitch and roll on the ATD.
The pictures can also be a reality check if there appear to be large errors in the measurements. For global pictures, a
purely perpendicular angle is best. Close-up pictures may also be useful when extra detail is necessary.
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7.1.2.3 General Documentation

e Post-test notes and photographs documenting specific damage and deformation details will provide valuable information
about failure modes to the engineering analyst.

e Record floor reaction load offset due to floor deformation (per AS8049).

7.1.3 Dimensions of the Tested ATD

ATDs are produced within dimensional tolerances. Several dimensions of the specific ATD used should be measured so
that the v-ATD can be compared to the actual dimensions of the ATD tested. In some circumstances, the data may be

post-processed to account for the deviation (see, for example, 4.6.1).

7.1.3.1  Sitting Height

If a head path test is to|be modeled, the sitting height of the ATD should be measured per the{apglicable CFR procedure.
The measured height should fall within the tolerance specified in the regulation. (Note: The FAA-Hybrid 11l should meet the
Hybrid Il requirement.)

7.1.3.2  H-point Locafion
If a download test is to pe modeled, determine the height of the H-point with the /ATD seated on a flat, rigid surface, posed
in the position called for in the CFR sitting height procedure. One way to facilitate this measurement is to mark the point on
the pelvis flesh that intefsects a line passing through the femur ball centers: For a forward-facing test, the depth (x-position)
on the H-point should be determined using the same procedure outlined above.
7.1.3.3  Shoe Thickngss

If there are significant differences in shoe thickness between multiple physical ATDs, then measufe the distance from the
ankle pivot to the bottom of shoe for each shoe. If the same model of shoe is used for all physi¢al ATDs, then a single
reference measurement is sufficient.

7.1.4 Motion Analysis

Accurate position and vglocity time histories derived from tests are very useful in validating models

7.1.4.1 General Recommendations

e Follow the recommgndations'contained in SAE J211-2 and ARP5482 to ensure that the data produced is as accurate
as possible and that the errorbounds for the data is quantified. These error bounds are needed to properly interpret
comparisons betwegen test and simulation results.

e Depending on the phéte i i cHtt i e 3 and sled setup may be
required to provide the geometric |nformat|on necessary to derive posmon or angular data from the test videos.

e Cut and tape down ATD clothing to avoid obscuring photometric targets during the test.

e Tape wires and belt ends that could move in front of photometric targets and interfere with target tracking.
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Target Point Placement Considerations

Head: It is important that the targets placed on the ATD head are at a known location with respect to the ATD

anthropometry. This will allow precise correlation with v-ATDs that are based on the same anthropometry. The head
CG is one of the most common landmarks to use. Note that on most ATDs, there is a small hole drilled in the skull on
a line passing through the head Y-axis at the CG location. This is to facilitate placing targets on the head using a pin.

Shoulder: Due to the bi-directional articulation of the shoulder and the clavicle to which it is attached, it can be difficult

to precisely relate the position of a target attached near the shoulder pivot to fixed anatomical landmarks in a v-ATD. If
atarget is placed on the arm with its center at approximately the Y-axis of the shoulder’s rotational joint, then its motion
can be used to estimate the shoulder’s motion. This data can still be useful for model correlation as long as the inherent
measurement uncertainty is taken into account.

of the occupant ar

O USe Tor applyin

H-point: The motion of the H-point during a test is very useful in validating a model since the motions of the other parts

a target marker at the

H-point location. Hybrid 1l and FAA Hybrid 111 ATDs have an access hole that is near the H-point|but this cannot be used

reliably to locate a

arget marker. The ATD pelvis drawings define the relationship betwéen

e hip ball centers and

accessible features|such as the lumbar spine mounting surface and instrument cavity cover moupting surface (2.1.4.10).
By referring to these drawings, the points on each side the pelvis that lie on a line passing through the centers of the

hip joints can be lo
and/or lap belts. Si
visible) can be used

Knee and ankle pi
attached to the stru
pivot bolt is a good
lightweight bracket

Restraint system: T
particularly useful i
straps may twist du
should be placed b
transducers are oft
advantages.

Auxiliary targets: TH
a portion of the tim
are attached to or j
location of that targ
two targets onitin @
and behind the H-p

ated. Unfortunately, on many seats the H-point is not visibleduring a sled t
ce the distance from the knee joint to the H-point is fixed, the knee pivot Id
to estimate the H-point forward motion.

ots: The targets placed on the knee and ankle should be centered on th
cture and not to the rubber flesh. Mounting thé target to a lightweight disq
means of accomplishing this (2.1.4.10). Sinee the FAA Hybrid Ill ATD’Y

n quantifying restraint system perfermance. The marking technique should
ring loading, potentially obscuring a flat target attached directly to the webb)
etween the belt guide and the ;ATD’s shoulder to avoid interfering with th
bn installed at this same Iocation, integrating the target marker with the lo

ese targets are used/when it is anticipated that the H-point or head CG targ
e of interest orwhen there is interest in calculating the rotation of the obje
laced on the'same body segment as the obscured target and can be useq
bt. For the-ATD head, a rigid, lightweight extension can be affixed rigidly to t

bint sUch that the lap belt does not obscure them.

st because of armrests
cation (which is usually

bir pivot axis and firmly
that is attached to the
ankle is a ball joint, a

pttached to the leg structure that positions atarget at the pivot’s Y-axis is ng¢eded.

[arget markers attached to shoulder straps that may pay out of an inertig reel during a test are

take into account that
ing. Ideally the markers
b guide. Since webbing
Ad cell may have some

ets will be obscured for
ct. The auxiliary targets

to calculate the virtual
he skullcap with at least

rder toumaintain sufficient visible points throughout the test. For the pelvis, targets are placed above

Virtual targets: Wh

bn-3 fargnf becaomes nhemlrnd’ the virtual pneifinn of the. fargnf canbe ¢

Iculated based on the

position of non-obscured targets (the auxiliary targets) and the known geometric relationships between all points. It
typically takes two visible auxiliary targets to determine the location of the virtual target. This location can then be
compared to the location of the primary target when no obscurities occur to get a complete tracking of the target.

Angular position: Some commercial off the shelf photometric software can calculate angular position based on a single

target if certain conditions related to resolution, contrast, and target size are met. Alternately, angular position can be
determined from the position of at least two points attached to a rigid body if the rotation is in a plane perpendicular to
the camera. Given the geometric relationships between the two points, the angular displacement is a simple
trigonometric calculation. If the initial orientation of the rigid body is known, then the displacement can be readily
converted to position.
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Curve fitting: ARP5482 generally discourages using curve fitting methods to derive the location of temporarily obscured
targets, particularly when determining peak excursion values. However, interpolation or curve fitting methods, when
properly employed, can produce data that is very useful for model validation. For targets that are moving in a relatively
smooth trajectory, physics-based curve fitting methods that use higher order derivatives to determine interpolation
points can reliably predict the location of obscured points while producing a smoothed velocity time history.

Overhead cameras: If an overhead camera is used to generate y-axis data, targets should be placed along joint
centerlines or the midline of the head. Care should be exercised when placing the targets to ensure that the x-axis
location of the target can be readily identified in the v-ATD.

7.1.5 Additional Data to Consider

Depending on the capabilities of the test lab and the configuration for the specific tests to be run, it may be possible to
collect some additional channels of data. These channels would be in addition to those normally required for compliance

with the test setup. Th ng the model by giving
additional insight into t

u

response of the system.

e used. This will aid in
eg strike is anticipated,

7.1.5.1  Whenever the FAA-Hybrid Ill ATD is used, the upper neck six-axis load cellshould b
troubleshootipg any issues with head-neck motion and contact with the head:‘lfa lower

the upper and lower tibia load cells should be used to measure this contact 10ad.

Bre important. A triaxial
vill measure the motion
ly, cushion deformation

7152 rtical test, measurements of the seat pan and seat cushion compression
r should be placed on the lower side of the seat pan;This accelerometer
n relative to the seat and will allow a transmissibility calculation. Alternative

Ctly obtained using a string-pot.

During the v
accelerometdq
of the seat p4
could be dire

7.1.5.3 In cases where multiple ATDs are used for ballast ‘and are not instrumented (i.e.| structural only tests),

consideration
and head acd

7.1.54 The use of s

seat model.

should be given to providing at least basic instrumentation to these ATDS|
elerations to determine how the additional occupants are interacting with th

to collect lumbar loads
e seating system.

rain gauges on the structural components of a seat provides data to supp¢rt the evaluation of the

is advised to review the structural load path thoroughly and determine |

ey locations which are

al models, or through
le grid gage is used to
b two- or three-element
view literature available
pllection accuracy, and

known to prpduce high stresses either through classical analysis methods, analytig
experience gpined from prior testing.-Different types of strain gages are available: sing
obtain the stiess state (when knownto be uniaxial), whereas for a biaxial stress state
rosette is required in order to determine the principal stresses. The analyst is advised to reg
from the strajn gage manufacturer to get details on installation, type of gages, data ¢
stability of the gage for thesexperiment.
7.2

Modeling Best Prpctices

uidelines for modeling structural and non-structural materials, methods fpr simulating initial test

and roll, the application of the sled pulse and gravity. and output control.

This section provides ¢
conditions such as pitch

7.2.1  Overview of Numerical Methods for the Dynamic Analysis of Mechanical Systems

Representing a physical system with a computational model requires a thorough knowledge of the system and relies on an
approximation of the underlying reality. The methods used are limited by modeling theory, numerical approximations,
material and system characterization, and the accuracy of test data. The essential task in a dynamic analysis is the
formulation of the equations of motion for a system. These equations are in the form of a set of differential equations,
coupled with algebraic equations, which are solved by integration.

The mathematical modeling of the impulse loading or impact of mechanical systems is a complex task. Mathematical models
for this physical phenomenon must be idealized approximations and the postulated dynamic behavior must be validated by
suitable experiments. While the solutions approximate the underlying partial differential equations, when utilized properly
the results are useful for predicting the behavior of a seat system.
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7.2.1.1  Mathematical Analysis Approaches

The equations of motion can be solved either explicitly or implicitly. The explicit method has unknowns on only one side of
the equation and therefore can directly solve the equations by integration. The implicit method contains coupled sets of
equations with unknowns on both sides and uses an iterative technique to obtain a solution. Explicit analysis methods are
well suited to simulate short duration dynamic events such as impact and crash. Conversely implicit analysis methods are
well suited to long duration static/quasi-static events such as sheet metal spring back after forming.

In general, there are two explicit numerical methods employed in dynamic analysis of mechanical systems: multibody
analysis and finite element analysis (FEA). The multibody technique simulates the gross motion of systems of rigid bodies
connected by kinematical joints. The system is defined by the mass of bodies, the length of segments, the degrees of
freedom of joints, and contact between bodies. The contact formulation is defined such that a body can penetrate another
body to emulate deformation. The FEA technique divides a continuum into finite elements (volumes, surfaces, and line
segments) which are interconnected at a discrete number of points, called nodes, and solves the boundary-value problem.
This technique provide fred ; itt ; nodes and the stresses
and strains of elements|

The multibody techniqug is typically used when the user is mainly interested in the kinematics of the system. It provides a

faster analysis but withqut detailed information about the structural deformation and potential failure
technique is used wher] a user wants to perform a more in-depth analysis of the structural behavig
local structural deformation and stress distribution. A combined multibody-FEA appreach can also k
efficiencies of each method to optimize the speed of the analysis.

7.2.1.2 Integration Methods

Numerical methods usg discretization of time and space (i.e., the governing equations are so
locations and instants of time). Methods for integrating the discretiz€d equations of continuum mech
(forward Euler method)|if displacements at some time t+At in the\computational cycle are indepen
at that time (where At id the time step). In the implicit (backward Euler method) scheme, the displa
cannot be obtained without knowledge of the acceleration at'the same time. The implicit method hg
which allows for larger|time steps. The explicit method*has conditional stability which requires s

of the system. The FEA
r of the system such as
e used, allowing for the

ved at certain discrete
anics are called explicit
Hent of the acceleration
cement at any time t+At
s unconditional stability
mall time steps. Impact

problems typically contain large stress or velocity gradients, which necessitate very small time steps.

The central difference s
relation (Equation 1) is 1
expressions are used tq

scheme is the most commonly used scheme for explicit modeling. In this §
pgarded as a system ofierdinary differential equations with constant coefficie]
approximate accelerations or velocities in terms of displacements.

cheme, the equilibrium
hts, and finite difference

Bxternal force =nertia force + Damping force + Elastic force or Internal forc

[

(Ea. 1)

rization of the stiffness
not require any matrix

The most important ad
matrix in the step-by-s
inversion, and is suitabl

antage of-the explicit integration scheme is that it does not require a factgq
p salution. It leads to an algorithm that can be easily programmed, doeg
forfast parallel computing.

In implicit methods, equilibrium is achieved at each time using an iterative procedure. Thus, the accuracy of the method
depends largely on the solution procedure and convergence tolerances specified. These methods are efficient for structural
dynamics problems with low to moderate frequency content whereas explicit methods are much more efficient for high
frequency and shorter duration applications. Common implicit solution methods are Houbolt, Wilson Theta, Park Stiffly
stable method, and the Hilbert-Hughes-Taylor scheme.

7.2.1.3 Components of a Numerical Model

Having introduced the basics of numerical methods, the rest of this section will detail the principle components of building
an aircraft seat model for use in dynamic impact simulations. Whether using FEA or multibody techniques, creating a model
requires assigning global parameters, performing the discretization of the geometry, defining the material parameters,
assigning initial and boundary conditions, and controlling the model output. These components define the geometry and
physical properties of the structures, the environment, and how all the structures interact in the environment.
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7.2.2 Global Parameters
7.2.21  System of Units

A consistent system of units must be used in the analytical method to yield correct results. Table 15 lists several sets of
consistent units and Table 16 lists two examples. A simple check, based on Newton’s Second Law of Motion, is:

1 (force unit) = 1 (mass unit) * 1 (acceleration unit) (Eq. 2)
1 (acceleration unit) = 1 (length unit)/((1 time unit)*2) (Eq. 3)

Table 15 - Sets of consistent units used in analytical models

Mass Length Time Force Stress Energy
kg m seconds N Pa J
g mm ms N MPa mJ
kg mm ms kN GPa kN-mm
tonne mm seconds N MPa N-mm
Ibf-s**2/in inches seconds Ibf pSi Ibf-in
slug feet seconds Ibf psf Ibf-ft
kgf-s**2/mm 111 mm seconds kgf kgf/mm? kgf-mm

Table 16 - Examples of consistent units used in analytical models

System Material Density Young’s Modgulus
Metri¢ (mm-kg-ms) Aluminum 2.79E-06 73.08
U.$. (in-lbf-s) Aluminum 2.63E-04 1.03E+0f

In some codes, the v-AlTD has fixed units which will necessitate the use of a specific system of units. If the units employed
in the model are differemt than the units of the test data, then the simulation units should be post-prgcessed to be consistent
with the test data units| This also applies for data set\length and origin offsets. Proper and cons|stent rounding practice
should be employed.

7.2.2.2 Time Step

The division of the total fime of a simulation into smaller segments is called temporal discretization. Elach segment is typically
referred to as a time stgp and denoted as At in Equation 4. The stability of explicit integration methdds depends on the time
step; if it is too large forla given eletent size L (minimum characteristic length in the model) the mgthod fails, either due to
stability issues or poor pccuracy/\lf/the element size is smaller than required, the solution time begomes impractical, thus
diminishing the effectivenessofithe method.

The critical time step fof a‘given model according to the Courant stability condition is:

Atcr =2/w =L/C (Eq. 4)
where:
w = natural frequency of the system
C = sound speed through the material (V(E/p))
E = material’s Young’s modulus

p = material density
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This condition requires that the time step is small enough to ensure that a sound wave may not cross the smallest element
during one time step. The speed of sound in steel and aluminum is approximately 16404.2 ft/s (5000 m/s). Therefore, if in
a given seat model the minimum element length is 0.197 inch (5.0 mm), the computed time step size would be 1e-6 seconds.
The minimum element length in a model will change during the simulation as elements are compressed or elongated. As a
result, most codes have a variable time step feature that modifies the time step as the critical element lengths change.
Occasionally, the simulation time step is controlled by only a few small or stiff elements in the model. When this happens,
it is typically useful to remesh the controlling elements. In the case of extreme compression, which is often seen in seat
bottom cushions, some codes can automatically remove elements when the length becomes a small fraction of the initial
length to avoid extremely small time steps or calculation instabilities.

The user should utilize a suitable code specific stability criterion, such as a time step scale factor. In codes that use a time
step scale factor, a value of 0.9 is recommended for most common applications. In the case of high rate sensitive materials
such as foams, it is common to use a scale factor between 0.6 to 0.7.

7.2.2.3 Mass Scaling
In FE modeling, mass sfcaling is the process of adding nonphysical mass to the structure in ofder tq increase the time step,
thereby reducing the rup time. Mass scaling can be accomplished using the automatic mass scalipng parameter employed
in most crash codes. THere are multiple techniques to accomplish mass scaling, such as-adding non-structural mass, nodal
mass distribution, and $elective mass scaling. It is recommended that the overall mass'scaling shpould not exceed 5% for
critical seat componentsg. For non-critical seat components, an increase in mass of up'to 10% is acceptable. For quasi-static
simulations, it is acceptpable to increase the mass scaling up to 10% since the kifetic energy is sm4ll.

Rigid body techniques glo not use mass scaling.

7.2.2.4 Damping
The use of global dampling is not recommended.

7.2.2.5 Element Quality Criterion

When using the FE teck
running a structural st

no duplicate elements

nique, the element quality will-affect the accuracy of the solution. This is es|
ress analysis. To maintain ;accuracy in nodal displacements and stresg

nd have proper connectivity between nodes. It is recommended that the 1

components, special at{antion should be paid to-.the element type, shape, and function. The seat ¢

quadrilateral element a
minimum should be 20
four-node tetrahedron,

areas. The following req

gle should be 45 degrees and 135 degrees, respectively (Table 17). For
degrees and the_maximum should be 120 degrees. The use of three-ng
br six-node peniahedron (wedge) elements should be as minimal as possib
ommendations are suggested to create good element shape for structural

Table 17 - Element quality criteria

pecially important when

flow in the structural
bmponents should have
hinimum and maximum
triangular element, the
de triangular elements,
e near critical structural
hnalyses.

A sample modeling and analysis checklist is attached in Appendix F for reference. It is recommended that to document a

Quadrilateral or Hexahedron or
Shell Elements Solid (Brick) Elements
95% of 5% of 95% of 5% of
Items Elements Elements Elements Elements

Aspect Ratio <5 <10 <5 <10
Face Skew <45 degrees <60 degrees <45 degrees <60 degrees
Face Warpage <10 degrees <21 degrees <10 degrees <21 degrees
Jacobian 0.7 0.5 =0.7 =0.5

copy of element quality criteria for each project.
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7.2.3 Physical Discretization

Physical discretization refers to the decomposition of a system into assemblies, subassemblies, parts, and when using FEA,
the finite elements. The seat system can be separated into structural components, such as metallic components,
non-structural parts, such as seat cushions and restraints, and the v-ATD. Each of these components can further be divided
into parts, such as the side frames, tubes, spreaders, and legs. In the multibody approach, the components are represented
by one or more bodies with a defined surface. The focus is on the macro motion of the assembly, such as the global seat
frame motion. In the FE approach, each piece and part is further divided into nodes and elements, called a mesh, and the
stress and strain of the part under loading can be determined.

In general, the multibody seat model can be easily generated; however, a large number of assumptions must be made to
simplify the structure. The response of the seat can be modeled via simple bodies or surfaces, articulated by rotational or
translational kinematic joints. For example, the dynamic performance of a machined leg may be represented by several
bodies connected by a rotational joint. The model can replicate the sliding forward or upward motion of the seat frame as

well as the rotation of
translational and torsio
frame and seat back.

In order to discretize a

the starting point for de
elements and the types|
by the type of material
accuracy required (i.e.,

ction loads. Nonlinear
hal spring-dampers can be utilized for modeling hinges such as the contgction between the seat

part in FEA, additional engineering judgment is required. Typically) surface[data in CAD is used as
veloping a mesh. The surface data is then split into a finite number of elements. The number of
of elements used will greatly affect the accuracy of the result: These chargcteristics will be guided
(i.e., structural versus non-structural), criticality (i.e., primary load path vefsus non-load bearing),
developmental simulation versus simulation intended for compliance) and pvailable computational

power. Many books ha
example, 2.1.4.1 and 2

e been published that contain detailed information 6n generating a finite
1.4.8). The following subsections provide additional guidance on generating
7.2.31

Modeling of $tructural Seat Components

Structural seat comporjents can be modeled using 1D beam/bar elements, 2D shell elements,
depending upon the gepmetry and criticality. The selection of-a particular element affects the physig
element can capture alpng with the accuracy and time required for a solution. General guidance or
elements for a given ggometry can be found in FE books, several of which are listed in the referen
as well as in the manudls for FE codes. Some basic:information is contained below.

Beam elements are usgful for modeling springs;.certain sections of seat systems such as hydro locl}
with one dimension significantly larger than the other two. The elements can have 6 degrees of fre
Furthermore, a cross s¢ction can be defined for the beam which will affect the calculated stresses
rectangular, tubular, W|C, T, Z, and lshapes, among others.

Shell elements are useful for components that are relatively thin in one dimension, such as torqu
other sheet metal parts] As with\beams, there are numerous options that affect the calculated stres
shell elements do not donsider out of plane stress or strain. Shell elements are meshed as either]

lement model (see, for
a seat model mesh.

and 3D solid elements
al phenomenon that an
the appropriateness of
ces section (see 2.1.4),

and other components
edom (DOF) or 3 DOF.
Cross sections include

b tubes, seat pans, and
bes. For example, some
triangular or quadratic.

Triangular elements ar¢ stiffer and sometimes prove more costly computationally but are useful for complex geometry or
mesh transition regions and regions with hour glassing (see 7.2.9.2 for more information about hour glassing). When using
shell elements, it is recommended to define the center plane of the shell elements at the mid-surface (wherever possible)
of the part geometry. A typical example of a torque tube shell model extraction on mid-surface is shown in Figure 8.



https://saenorm.com/api/?name=c979c511b831e24f8a7b43124cb9c489

SAE INTERNATIONAL

ARP5765™B

Page 57 of 103

Solid elements are use
section of seat frame

pentahedron, or four-nd
for the number of DOF,

Shell and solid eleme
computational costs. M

CAD Model FE Model

b

Figure 8 - Mid-surface extraction of a tube

ded tetrahedrons, with various element formulations and-options such as
etc.

st of the time one point-integration elements are recommended rather than

Representing complex |shapes often requires a combination of.glement types. For example, the
shown in Figure 9 have varying thicknesses which make it diffigult to properly capture the overall str
If this component is part of the primary load path, then advanced modeling techniques may be required in order to achieve
ne such technique, shown in the'figure, is to use a combination of solid gnd shell elements. The
web section is modeled|using shell elements and the flange and the ribs are modeled using solid elgments (Figures 9A and
9B). Solid elements hgve only translational DOF-at\each node and no rotational DOF, while shell elements have both
rotational and translatiopal DOF at each node, thus-it is necessary to maintain rotational continuity wherever shell elements
connect to solid elements. For this purpose, it is recommended that one layer of shell elements be gmbedded into the solid
mesh (with shared nodgs). This layer of shéll'elements is also then moved to a separate part as sHown in Figure 9C. Care
needs to be taken to avoid over-predicting the stiffness due to the redundancy of some elements (which is needed for proper
connectivity). It is also recommended ‘that the modeler consult with the software manual to detefmine the availability of
special commands to ti¢ the rotatiofal'degree of freedom or specific solid elements with 6 DOFs pgr node.

the desired accuracy.

ul for components that are relatively similar in size in all three‘orthogonal g
br seat fitting. The elements can be eight-noded hexahedron (also knoy

nts can have fully integrated or reduced integrated formulations, whig

irections, such as thick
vn as brick), six-noded
constant stress, options

h affects stability and
ull integrated elements.

machined components
ngth of the component.
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Web modeled using shell
elements Additional layer of

shell elements

Flanges and ribs modeled
using solid elements

Solid and Shell

@ ’ (E)

Qé?re 9 - Model of a seat frame section

7.2.3.2 Modeling of Holes in 86&3

The recommended method odeling holes is to use quadrilateral or hexahedron elements (sufficient to capture the
geometry appropriately) ar the hole as shown in Figure 10. This mapped area is often referqed to as a washer. It is
recommended to avoid|tfiangular and pentahedron elements in the first layer around the hole (or|a cutout section) since
these elements may predict higher stress than the nearby elements. The analyst may choose 1o not model the hole in its
entirety when it is sufficiently small and depending on the criticality of the load path.

Figure 10 - Modeling of holes
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7.2.3.3 Modeling of Joints

One of the trickier aspects of modeling a full aircraft seat is the modeling of joints. The majority of seat failures are observed
in joints or related to the joints, and when compared to the size of a standard triple place passenger seat, an individual
nut-bolt or screw connection is very small. There are two main options for modeling these joints: the first is to generate a
simplified approximation using rigid body techniques or beam elements; the second is to explicitly model the actual hardware
that constitutes the joint. The first method runs faster, however, it cannot always capture all of the relevant physics. The
second method can capture all of the physics but can be computational slow since the mesh may be very fine if a bolt acts
as a hinge.

Initially the analysis can be conducted using a rigid body approximation with dedicated modeling of joints. Similarly, rigid
elements can be used in a FE technique combined with equivalent strength beam elements as shown in the top of Figure 11
(labeled A). In addition, general springs can also be used as connecting elements. If the joint is found critical in
post-processing, it is recommended that the modeling of the joint is conducted by providing actual nut and bolt surfaces as
shown in the modified FEmodetinthebottomof Figure—t+i—{tabeted Bj—Thistechnigquetetpsto-simulate bearing stresses
and helps to model exigting pre-tensions. This modeling method also provides a better representation of the shearing and
bending behavior of thg joint. Nodes on the common surfaces of the nuts and bolts can be, fnerggd or connected by rigid
connections. An approgriate friction factor needs to be defined between the mating bolted¢surfaces

Once the connections gre defined, an eigenvalue analysis can be run to check for missed connections and unconstrained
degrees of freedom.

SAMPLE SOLID MODEL - TYPICAL FEMODEL -
BOLT JOINT BOLT JOINT

Beamn

Solid elements

B:Using 3D solid elements

Figure 11 - Modeling of a joint
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Multi-Scale Modeling

In finite element analysis, the finite element mesh is sometimes too coarse to produce satisfactory results in a specific
region of interest, such as the joint shown in Figure 11. In general, the transition between scales of the model resolution
is addressed through sub-modeling. Sub-modeling is also known as the cut-boundary displacement method or the
specified boundary displacement method. The cut boundary is the boundary of the sub-model which represents a cut
through the coarse (or global) model. Displacements calculated on the cut boundary of the coarse model are specified
as boundary conditions for the sub-model. Characteristics or state variables in addition to displacement may be used
in the boundary exchange in order to improve the accuracy of the model. As an example, the global seat model may
contain a coarse representation of a bolt using a one-dimensional element. The local model could be set-up using three
dimensional solid elements to better capture the contact, load condition and the resulting state of stress distribution
within the fastener. The local model provides improved data accuracy, while allowing the global model to retain

acceptable computation times.

7.2.3.4  Track Fitting fModetimg

The track fitting is in thelprimary load path and is very important for the calculation of floor readtion Id
to evaluate the track fitting at the assembly level and in the full-scale seat model. For the, full-scg
deformation provide th¢ most useful comparison. Both force and moment from the logd cell sho
correlation.

ads. It is recommended
le seat, tests with floor
ld be collected for the

Depending on the leve| of accuracy required, either “simplified” or “detailed”_modeling can be uged in the simulation as

described above. For tHe “simplified” model, it is not necessary to model all the joint details as long
and translational degregs of freedom are considered. In order to evaluate-failure, or if the fitting hg
such as yielding or flexibility, the “detailed” modeling approach is recommended. The material of the
should be validated first. If track failure is not a concern, the track can, be modeled with a rigid ma
the track is crucial, then detailed modeling of the track is also recomimended. All contacted surfaceg
track should be included in the model.

7.2.3.5 Modeling of $eat Cushions
When the detailed defofmation of the seat cushion is@6t needed, for example in the early stages ¢
analysis techniques maly be used where the load-deflection curve can be used directly to describe
penetration of the v-ATD with the (rigid surface).seat. The fixed joint can also be used between th
cushion to transfer the|applied load to the eushion. For a more detailed analysis, 3D eight-node
four- or ten-node tetrahedral elements can be used to model the seat cushion as shown in Figursg
elements (see 7.2.9.1) are found in the cushion model, it is often useful to stiffen the foam material a
hardening). It is recommended to carry\out component tests and simulations to evaluate the effect
element type/formulation, mesh defisity, material model, etc., on simulation accuracy.

as the correct rotational
s complicated behavior
fitting housing and stud
terial. If the stiffness of
between the fitting and

f the design, rigid body
the contact force due to
b seat pan and the seat
hexahedron (brick), or
12. If negative volume

I high strains (i.e., strain

of FE variables such as
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A: Tetrahedron elements B: Hexahedron elements

Figure 12 - Seat cushion modeling
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7.2.3.6 Modeling of Restraints

Restraint systems can vary greatly depending on the type of aircraft and location of the seat. The most basic restraint
system is a lap belt only restraint commonly found on Part 25 passenger seats. The restraint system is made up of the belt
webbing, two anchors, and the buckle. In basic models, the anchors are considered fully rigid and the buckle may be
ignored. More advanced models will contain explicitly modeled restraint hardware in order to more fully capture the true
performance of the restraint system.

Additional components can be incorporated into the system, including shoulder belts, pre-tensioners, load limiters, various
buckle designs, and inflatable restraints. Many codes contain elements, formulations, and simulated hardware (such as
retractors) that are specifically designed to model restraint systems. It is recommended to perform component tests and/or

simulations to evaluate

the performance of complex restraint systems.

There are three methods available for modeling belt webbing (applicable to both lap belts and shoulder belts):

e Segment belt: This
segment are called
model accounts for
segment. These be
the belt and as such

of the belt material

Finite element belt:
behavior such as m
friction defined betw
material.

Hybrid belt: For this
(see lower row of F
belt can slide over
The segment belt a
appropriate). It is in
differently. This me

belt consists of a chain of 1D straight belt segments (see top row of Figure|
the attachment points. Attachment points are fixed points on bodies,orif th
slip of belt material from one segment to an adjacent segment, batonly in
ts are typically attached directly to the v-ATD which does not allow.the pelvig
, no friction is defined. The belt stiffness is defined as a force-relative elonga
Can be defined in the belt model.

Belt components can be modeled with 2D membrane.finite elements in o
ulti-directional belt slip, submarining, and roll-out (see* center row of Figure
een the v-ATD and the belt. The belt stiffness is:defined as a stress-strain

modeling approach a hybrid of finite element and segment belts are used t
igure 13). The finite element portions of’the belt are defined to model the d
the dummy surface in an arbitrary,direction so that submarining and belt r
bproach is used at the anchor pointlocations in order to define the initial belt
hportant to match the material properties of the FE belt and segment belt
hod is recommended becauseé of the simplicity of adjusting the total length

13). The ends of a belt
e reference space. The
the direction of the belt
to slide above or below
ion function. Hysteresis

rder to predict complex
3). Slip is controlled by
unction for the webbing

D define the belt system
ontact areas where the
bll-out can be modeled.
tension (or slack, when
since they are defined
Df the belt.
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2pt Belt
Segment Belt Definition

2pt Belt
Seygment Belt Definition

-

2pt Bel
Finite Hement Belt Definition

2pt Belt
Finite Element Belt Definition

-

2pt Bel
FE/Seggent Belt Definition

2pt Belt
FE/Segment Belt Definition

-

Figure 13 - Belt modeling techniques

7.2.4 Material Definition

Aircraft seat materials are divided in two basic categories: metallic material and non-metallic material. Non-metallic materials
are further sub-divided into composites, plastics, woods, foam, fabric, and webbing. Material properties play an important
role in dynamic design because they react kinetic energy from the impact event. In energy attenuating seats, components
of the seats or separately installed mechanisms are designed with a purpose of absorbing some of the kinetic energy of the

event through plastic deformation.

Material characterization data must be selected from sources that conform to accepted industry practices such as published
ASTM or equivalent standards. The characterization data must be documented in sufficient detail so that the source can be
verified. A material characterization test should be simulated to verify that the material model selected, model discretization,
and element formulation are able to reproduce the physical behavior of the material.
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7.2.4.1 Metallic Material

Under typical crash loading rates, common metallic materials have not shown rate sensitivity. A recommended source for
metallic material data is the MMPDS Handbook (Metallic Materials Properties Development and Standardization) which
provides mechanical properties such as Young’s modulus, Poisson’s ratio, ultimate strength, and engineering stress-strain
curves. Mechanical properties for metallic material can be also generated by conducting tensile tests per ASTM E8/E8M.
During testing, load-deflection (or load-engineering strain) data is collected. This data or the engineering stress-strain data
from the MMPDS Handbook should be converted to true stress, true strain using Equations 5 and 6. The test data can also
be used to determine the Young’'s modulus, Poisson’s ratio, ultimate strength, and failure stress.

P
Otrue = A_O<eengineer + 1>: 6engineer(eengineer + 1) (Eq. 5)
€true = Inﬁ = In(eengineer + 1) (Eqg. 6)

Equation 6 yields the tfue strain but nonlinear codes require that the plastic portion of true strain is separated from the
elastic portion since thelelastic strain is calculated internally using Young’'s modulus. Equation 6A shows logarithmic or true
plastic strain (ABAQUS|User Manual section 23.1.1 also documented in LS/DYNA rmanual):

| c
€ = In(eengineer + 1)_ téue (Eq. 6A)

where:

P = load

Ao = original area
otrue = true stress
etrue = true strain
Oengineer = €ngineering stress
€engineer = €Ngineering strain
L = final length

Lo = original length

E = Young’s modulus

The above equations should be used to convert engineering stress and strain to true stress and effective plastic strain and
should be applicable for any plasticity material model for nonlinear FEA codes unless otherwise noted in the corresponding
user's manual.

In addition to plasticity curves, nonlinear material properties often include a failure criteria. It is important that if plasticity is
used in the model, failure criteria must be converted using Equations 5 and 6A as well. For example, elongation values are
typically listed in engineering strain and so must be converted to logarithmic plastic strain using the above formulae. Failure
criteria often mark the beginning of a softening curve or the point of element erosion. Incorrect failure criteria can have a
significant effect on the outcome of the simulation.
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Figure 14 - Elastic and plastic energy in-ductile material (AL 2024)

Figure 14 shows the tersion stress strain curve for ductile material aluminum (Al 2024), elastic and plastic energy stored as

Elastic energy available’= Area under curve 1-2-2’-1 (Eq. 7)

Plastic energy available = Area under curve 2'-2-4-4’-2’ (Eq. 8)

where:
1 = start point of stress-strain or load-deflection curve

2 =yield stress (typlically 0.002¢0ffset) if yield point is not defined

3 = necking point

4 = ultimate tensile |stress

This data is then used in the numerical model to predict structural failure. For a ductile material, such as aluminum or steel,
it is recommended to use the necking point as the fracture/failure stress, as once necking begins, the true stress is no longer
equal to the effective stress. In the case of a tension test, the uniaxial stress state becomes a triaxial stress state once
necking begins.
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In some cases, a high level of triaxiality may exist even before necking begins. Examples are material around fastener holes
in preloaded bolts, swaged fastener collars, and even members that are loaded in compression. It has been found that
failure strain is far from being constant and actually varies strongly with stress triaxiality. Triaxiality ratio is the ratio of Von
Mises to hydrostatic stress as defined below:

(o1 +02 +03)

= Eqg. 9A
OH 3 ( q )

_ _ 2 _ 2 _ 2
o= \/(61 02) +(62 263) +(63 01) (Eq gB)
Triaxiality _ratio = 2H. (Eq. 9C)

where:
01, 02, 03 = principdl stresses
on = hydrostatic stress
o = Von Mises stregs
It has been shown expgrimentally that below a stress triaxiality ratio of <}/3fracture will never occui regardless of the value
of equivalent plastic strain (2.1.4.12). So, a short cylindrical coupon ingpure uniaxial compression (djfficult to achieve) would

be represented by a tripxiality ratio of -0.33. A coupon loaded in pure shear would have a triaxiajity of 0.0, and a stress
triaxiality of 0.4 corresppnds to pure tension on a smooth round bar.
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Figure 15 - Equivalent strain to failure versus average stress triaxiality (2.1.4.12)
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It may be beyond the scope of most seat projects to define equivalent strain failure to this level of detail. However, knowledge
of the true physics allows the user to approximate the equivalent strain to failure versus triaxiality curve with limited coupon
data (Figure 15). By doing so the correct failure strain can be modeled for pure tension, while erroneous failure in
compression can be avoided (more discussion in 7.2.4.1.2). Modeling of states of pure shear, biaxial, and triaxial tension
can be included if data exists. In most cases members are loaded in simple tension or compression. For simple tension, the
necking point can be used as a tensile failure criteria as discussed above. For simple compression, typically only yield and
buckling are considered.

If tension fracture is to be simulated using element erosion, care should be taken to regularize stress localization. Failure
simulation in FEA using element erosion is a mesh dependent capability. The finer the mesh, the earlier failure is likely to
occur and the more rapidly it will progress. This is intuitive since a small element will result in a higher local stress when
present in an area of high stress gradient. The erosion of a single element forms its own high stress gradient zone. Some
nonlinear codes have regularization features which allow the user to modify erosion failure as a function of element size.
These should be employed if progressive damage is to be simulated.

7.2.4.1.1  AnisotropicfOrthotropic Effects in Metals

Rolled metallic sheet and plate materials are not isotropic. Care must be taken to use the@ppropriate curve or parameters
for longitudinal, long trgnsverse, and short transverse material directions. In most cases(he critical direction may be used
if the transverse directipn is not loaded, for example. If multiple directions are impartant, then apgropriate material model
must be selected to represent such a material, so that anisotropic/orthotropic effects,can be capturgd.

Plasticity curves which fre statistically based may be given as “typical,” “A” basis, or “B” basis. Typical values are simply a
best fit of the data so thpt 50% of the population of values is expected to fall above the typical valug. “A” basis is defined as
the mechanical property value above which at least 99% of the populationyof values is expected to fall, with a confidence of
95%. “B” basis is the value above which at least 90% of the populatien®of values is expected to fall with a confidence of
95%. It is important to Keep in mind that if typical values are used with no margin of safety, there is|a significant probability
that failure will occur in fhe test. This is true for both plasticity curves and ultimate elongation value$ since yield can lead to
ultimate failure in a nonjinear dynamic model. It is therefore reeommended that a minimum of “B” Qasis values are used. If
only typical values are available, it is recommended that a margin of safety be included.

7.24.1.2 Tensile and Compressive Behavior

True stress also accoupts for reduction or expansion of the specimen cross section. True or logafithmic strain is used to
modify engineering strdin such that tension.and compression stress-strain curves are more simflarly shaped and avoid
mathematically undefined quantities. Trué “stress and logarithmic strain correct the mathemafcal issues but do not
completely account for [physical differences in the material plasticity curves in tension and compression. For this reason,
data standards cited abpve (4.4) often.include separate curves or parameters for tension and compyession. However, most
numerical material models do not include the ability to enter different plasticity curves for tensior) and compression. For
codes that don'’t includgq this feature, the analyst must determine whether the tension or compressipn stress-strain curve is
critical for various segmnients of the model and apply the appropriate curve.

7.2.4.2  Cushion Matgrial

Component testing is recommended to determine the load-deflection/stress-strain properties for seat cushion materials as
they exhibit load rate sensitive characteristics. For aircraft seating applications, to predict lumbar load as per § 14 CFR Part
2X.562 (b) 1, relatively high-loading rates around 30 in/s (0.762 m/s) are recommended to determine load-deflection
characteristics. Servo hydraulic machines or comparable equipment can be used to derive the required data. The materials
that seat cushions are typically constructed from exhibit highly non-linear behavior and the material model chosen should
be able to represent these behaviors such as strain hardening, rate dependency, and hysteresis. While dynamic data
collected at high-loading rates is needed in order to conduct the analysis, static data is also needed in order to determine
the initial cushion deformation and stress distribution that is required to simulate the initial occupant position.

A procedure for determining some of the necessary properties as well as the test fixture and methodology for the cushion
component tests is detailed in the FAA report “Development and Validation of an Aircraft Seat Cushion Component Test
Volume I,” DOT/FAA/AR-05/5.
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7.2.4.3 Restraint Material

Restraint material such as nylon and polyester are not rate dependent. Force-deflection characteristics for restraint material
are recommended to be derived from static tensile test data. The material model chosen can be checked for its ability to
represent the restraint properly by simulating the component test used to derive the data.

The static material property data is important in order to apply the correct amount of pretension in the restraint system while
setting up the initial position of the occupant.

7.2.4.4 Composite Laminate Materials

There are significant differences between composite models in various codes and even between various models within the
same code. There are so many different features and failure criteria that only an overview of some of the basics will be
discussed here. Material models for both shell elements and solid elements are available. One common feature among

shell based models is t ~F2, E3, G12, G23, G31,
v12, v23, v31) and a lisf of ply orientations into an elemental stiffness matrix. There are some modgls that require the user

to assemble the stiffnegs matrix external to the code but the advantage of storing the stackingse
once elemental strain vplues have been obtained, strain and stress at the lamina level can-be detg
have much less in co
like the shell models. THis is convenient when large solid laminates need to be modeled/It allows sol
lamina or the user can|combine several lamina into a single element. Some codes also include

models. Some are limit
failure and strain rate d

Most of the progressive]
Criterion separates var
compressive matrix mg
and 2.1.4.19.

d to fiber and transverse failure criteria while others include failure criteria
bpendence.

failure models for shells and solids employ some form of the Hashin criteria
ous modes of failures such as tensile fiber mode, compression fiber mod
de, etc. For more details, analyst is encouraged to review theory manuals

The important thing to femember is that there are no perfect.composite material models currently

user to perform elemen
that the model will repre
7.2.4.5 Failure Criter

Failure criteria are not g

t, coupon, and component level test-analysis correlation for all applicable f
sent the final seat test.

a

Ilways differentiated in tension and compression. If there is a possibility of d

is to be modeled, a sim
Many of the commonl

le material model which includes only a single failure strain value will not aly
used material\models will invoke element erosion (deletion) when all in

element have reached pn effective\plastic strain equal to a user-defined failure strain. However, {
differentiate between effective plastic strain in tension and compression, compressive strain will also
This is not the correct ghysical response since ductile materials do not fracture under pure compre
variety of material modgls which avoid this problem either through definition of triaxiality ratio versus

uence internally is that
rmined. Solid materials

on. Some codes include solid composite models which allow multiple lamina per element much

d modeling of individual
failure criteria for solid
or virtually all modes of

. Generally, the Hashin
e, tensile matrix mode,
referenced in 2.1.4.18

available. It is up to the
hilure modes to be sure

ictile failure, and failure
vays serve the purpose.
tegration points of that
ince the code does not
cause element erosion.
ssive load. There are a
failure strain or through

the use of failure model$ developed by Gurson, Wilkins, and others. Material models which are capg

ble of applying different

yield curves in tension and compression as mentioned above, do not necessarily have the ability to differentiate failure in
tension and compression (2.1.4.13, 2.1.4.14, 2.1.4.15, 2.1.4.16).

7.24.6 Strain Rate Effects

The strain rate is another important factor for ductile materials since many materials show an increase in yield strength as
a function of strain rate. There is also sometimes a reduction in elongation as a function of strain rate. The user must identify
and account for these effects by providing appropriate rate-sensitive curves or by using appropriate scale factors that correct
material yield point based upon applied strain rate. The choice of which method to use is dependent upon availability of
strain rate data, capability of the simulation code in use and the modeling standards/best practices applied by the user. It is
important to perform a single element or coupon level analysis of any ductile material model developed and compare the

results against coupon test data. This should be done across the entire range of dependent physical quantities expected in
the sled test.
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7.2.5 Contact Definition

In order for bodies to interact in a model, the boundaries and interaction properties must be defined. This is referred to as
contact. In general, contact can be defined between any components in a model. Many codes also allow for automatic
contact definitions, where the code automatically activates contact between bodies that are a specific distance apart. In the
multibody approach, contact is between surfaces. In the FE approach, contact can be between elements and nodes,
elements and elements, or nodes and nodes. One side of the contact is referred to as the master side, with corresponding
master segments/nodes, while the other side is referred to as the slave side, with slave segments/nodes. Typically, the
slave side has a finer mesh density or is the softer material. Most of the software codes use the proposed stiffness for
contact based on average master and slave characteristics (combined characteristics), although options exist to limit the
characteristics to either the master or slave side. Penetrations of contact intersections during the simulations have to be
checked, specifically initial penetrations. Three general contact algorithms are: kinematic constraint, distributed parameter,
and penalty stiffness. While all the methods are acceptable, it is recommended that the penalty stiffness method be used.

a. Kinematic Constrai

In this contact algqrithm, the constraints are imposed into global equations by a transfermation of the slave node
displacement comgonents along the contact interface. The transformation will distribute the slave node normal force
component to adjadent master nodes.

b. Distributed Parameler Method

In this contact algorjthm half of the mass of the slave surface area is distributed to the master syrface area. The internal
stress in each element determines a contact pressure distribution for the'master elements that[receives the mass. The
acceleration is upglated at the master surface and then impenetrable constraints are inpposed on slave node
accelerations and velocities to make sure the movement is alongthe master surface.

c. Penalty Stiffness Mgthod

This is a very relialjle and probably the widest used contact algorithm in implicit and explicit cgdes. This method uses
normal interface nop-linear springs and dampers betiween each of the nodes of the contact surface based on the Hertz
theory. In multibody codes, a hysteresis damping function may be used to represent the enefgy loss in impact. This
model assumes thaf the energy is dissipated by residual plastic deformation or internal damping|of the bodies in contact.
For FE codes, a stjffness modulus is computed for each master and slave segment based gn the elasticity and the
thickness property ¢f each of the contacting.elements. Care should be given in selecting sprind stiffness as this affects
penetration and time step.

7.2.5.1  Contact Normals
In order for two bodies fo properly-interact, it is important for the software to know what is considefed inside the body and

what is outside. This is acconiplished by setting contact normals. The order that nodes are defined in an element will define
the outward normal.

Some codes have a feature to automatically address this issue. Many graphical user interfaces are also set up to allow the
user to quickly modify any incorrect normals. It is recommended that the analyst verify proper orientation during the mesh
process to avoid future problems.

7.2.5.2 Contact Thickness

In order to properly account for interfaces when using shell elements, it is important to take into account the thickness
of the parts at the contact level. This is separate from any thickness definition at the element level that is used to properly
calculate stress and strains.

7.2.5.3 Contact Friction

The methods to determine static and dynamic coefficients available in the codes are based on a Coulomb formulation.
Friction values can be selected from a standard handbook such as Mark’s Standard Handbook for Mechanical Engineers.
Since determining the coefficient of friction based on physical testing is difficult it is recommended to conduct a sensitivity
analysis on critical friction parameters.
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Contact between the seatbelt webbing and the v-ATD, as well as between the v-ATD and the seat cushions, is typically
represented using surface-to-surface contact. A friction coefficient between the range of 0.2 and 0.5 is considered
reasonable.

7.2.6 Load Application

Dynamic evaluation of a seat requires a load application, typically referred to as the sled pulse. This pulse (Figure 16) is
defined in 14 CFR XX.562 (part 23, 25, 27, and 29 aircraft). This regulation specifies velocity change, rise time, and peak
acceleration. AC 25.562-1b provides additional guidance by specifying an “ideal pulse” for the longitudinal and combined
vertical/longitudinal test conditions. AC 23.562-1 and AC25.562-1b also call for one-half of the velocity change to be
achieved during the rise time period. Multiple types of facilities, or tracks, are used to produce the required sled pulse,
including deceleration tracks, acceleration tracks (such as Hyge systems), and rebound tracks. Round robin testing has
shown that all three types of facilities produce acceptable results. For ease of comparing results, it is recommended to
model the type of facility that accomplished the physical tests. However, the model can still be validated against test data
when the pulse applicatiorisdifferent:

0

deceleration j

Figure 16 - Generic sled pulse

Explicit codes currently
orizontal test condition,

In addition to the sled puise, the force of gravity (1 g) acts on the seat system during a dynamic test.
in use do not assume the existence of gravity, thus'gravity must be defined. Typically, in the pure h

the sled pulse will only act on the seat in the X-direction and gravity will only act in the Z-direction.
those for side facing seats, the sled pulse may actin the seat Y-direction. For a combined horizontal-
called a download test),|itis common practiceto leave the model in a horizontal position and rotate th
To accomplish this, the| defined acceleratiaons in the X and Z direction are a geometric combinatig

For some tests, such as
vertical test (colloquially
e applied accelerations.
n of the sled pulse and

gravity. Likewise, yaw g¢an be added . tothe horizontal sled pulse for a seat structural test by the gegometric combination of

the X and Y acceleratiops. For all applied accelerations, it is important to use consistent units.

generic modeling. The

In general, seat modelg are pun_for one of three purposes: design and development, validation, o
sled pulse used may be different for the three purposes. For design and development, it is recom
that exceeds the regulaforyrequirement. This will provide additional confidence that the seat will pe
physical testing and is essentially

ended to apply a pulse
rm satisfactorily during

. peak acceleration on the order of 16.8 g is

Y.
often employed. Because different test facilities produce different shaped pulses and many facilities exceed the minimum
required peak acceleration, there is a benefit to matching these characteristics when defining a developmental pulse. For
validation exercises, it is recommended to use the exact pulse recorded in the physical test. For generic modeling, the ideal

pulse is recommended, however any acceleration pulse that meets the regulatory requirements is acceptable.

e |deal Pulses

In several test conditions, the ideal acceleration pulse, based on an isosceles triangle and the defined peak acceleration
and rise time, does not induce the required change in total velocity and rise time velocity. This has not been an issue in
physical tests, in part because many facilities are unable to produce the exact ideal pulse and tend to overshoot the
required peak gs. For simulations, where the pulse can be defined exactly, this can become an issue. These deficiencies
could result in a pulse that does not meet guidance and/or regulatory requirements. Table 18 summarizes the test
condition requirements and achieved results required for the various aircraft designations (velocity, peak gs, rise time,

final time, and calculated velocity changes). The final time assumes an isosceles triangle. Calcu

lated velocities in a grey

box do not meet the specified requirements, specifically the four Part 23 conditions and the vertical Part 27/29 condition.
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Table 18 - “Ideal” pulse + calculated velocity

(é_alcu_lra'ted Calculated
. . Required Peak Rise Final 1se lime Total
Part Seat Direction Velocity G's Time Time Velocity Velocity
Change Change
ft/'s (m/s) g's s s ft/'s (m/s) ft/'s (m/s)
20.93 41.86
23 Crew Horz 42 (12.80) 26 0.05 0.10 (6.38) (12.76)
15.30 30.59
23 Crew Vert 31 (9.45) 19 0.05 0.10 (4.66) (9.32)
20.29 40.57
23 Pass Horz 42 (12.80) 21 0.06 0.12 (6.18) (12.37)
14.49 28.98
23 PASS Vert 31 (9.45) 15 0.06 0.12 (4.42) (Q (8.83)
23.18 46.37
25 Al Horz 44 (13.41) 16 0.09 0.18 (7.07) 14.13)
18.03 36.06
25 Al Vert 35 (10.67) 14 0.08 0.16 (5.50) 10.99)
21.03 42.06
27/29 Al Horz 42 (12.80) 18.4 0.071 0.142 (6.41) 12.82)
14.97 29.94
27/29 Al Vert 30 (9.14) 30 0.031 0.062 (4.56) (9.13)

To correct the above dgficiencies, several new “ideal” pulses have been defined such that the ped
nange meets the regulatory requirements. These pulses were designed s
nieved during the originally specified-rise time, in accordance with AC 25-5¢
between the isosceles trianglexpulse and the new pulse, while providirlg the required velocity
rise time and final time were made in whole millisecond increments. Table
5 along with the calculated.velocity changes. For completeness, acceptable pulses from Table 18

and the total velocity ¢
velocity change was ac
minimize the differencq
change. Changes to the
pulse recommendation

k g’s are held constant
ich that one half of the
2-1b. The intent was to

19 summarizes the new

are included.
Table-19 - New pulse recommendations

. . . g?sl,(;uﬁffg Calculated

Part Seat Direction l?/ee?g;tef szk 'IF'\)ilriee _';i':,]a; Velocity TotgLVelocity
Change ange

ft/s (m/s) g's s s ft/s (m/s) ft/s (m/s)
23 Crew ——Hor= 42(12.80) 26 0-049. 0104 24-34(6-50)—142.28 (12.89)
23 Crew Vert 31 (9.45) 19 0.049 0.102 15.60 (4.75) | 31.20 (9.51)
23 Pass Horz 42 (12.80) 21 0.057 0.125 21.25 (6.48) 42.26 (12.88)
23 Pass Vert 31 (9.45) 15 0.055 0.129 15.62 (4.76) | 31.15 (9.49)
25 All Horz 44 (13.41) 16 0.09 0.18 23.18 (7.07) | 46.37 (14.13)
25 All Vert 35 (10.67) 14 0.08 0.16 18.03 (5.50) | 36.06 (10.99)
27/29 All Horz 42 (12.80) 18.4 0.071 0.142 21.03 (6.41) 42.06 (12.82)
27/29 | Al Vert 30 (9.14) 30 0.030 0.063 15.44 (4.71) | 30.43 (9.28)
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7.2.7 Initial Condition

7271 v-ATD

S

Positioning

Placement of the v-ATD should mirror the procedure defined in AS8049. For modeling purposes, achieving equilibrium
with the v-ATD, specifically the torso, is the most important facet of positioning the ATD. There are several methods
listed below. Once equilibrium is achieved, the legs and hands may need to be adjusted to meet AS8049 guidelines.
When test data is available, the position of the joints can be compared to the test data, factoring in any discrepancies
found, as mentioned above. In cases where test data is not available prior to analysis, similar or existing seat
configurations can be used to approximate the v-ATD position. Due to measurement errors and differences in segment
lengths between the numerical and physical dummies, it may not be possible to have an exact match; however, these
differences should be minor. If large differences are seen, the data should be reevaluated and the segment lengths

double-checked. Al
have the ATD in e
significant differenc

The Hybrid Il ATD
Because of this, sig
tear on a physical
should be placed o
simulation of the pr¢
In the simulation, it
between these heig
in a download test
on the allowed tole
is significantly differ
leg segment lengt
measurement unce
evaluations.

The most accurate
v-ATD can be plac
direction. Additiona

pY,
Huilibrium and avoid ATD-to-ATD penetration than to match test datadniti
s should be evaluated to determine the most likely cause.

has no manufacturing tolerance on the H-pt height and the FAA<Hybrid Il
hificant variations can be found between physical dummies and@umerical d

. It is more important to
bl positions. Again, any

folerance is fairly large.
immies. Also, wear and

dummy can change this height. To quantify this difference;the physical dummy to be simulated

n a rigid, flat surface and the z distance between the Hpt and the surface
cess should also be completed and the results compared (similar to the prog
s important to make sure that gravity is defined and-that the dummy is at equ

onfiguration). In addition to the H-pt height, other segment lengths can var
ances. It is recommended that the user evaluate critical lengths to determ
ent than the v-ATD; of particular importance is the H-pt height, the ATD sitti
hs, including the shoes (as discussed below). Additionally, the user

(tainty can affect the reported locations of ATD markers and may need to be

way to achieve equilibriumis to replicate a typical physical seating of thq

should be measured. A
ess described in 3.3.4).
librium. Any differences

hts will affect the initial position of the dummy and.could affect the results of & simulation (particularly

a small amount based
ne if the as-tested ATD
ng height, and the lower
should be aware that
factored into the above

ATD. Numerically, the

ed just above and in front of the seat and the standard 1g of gravity can b
ly, the torso can be pushed back into the seat with 20 pounds (89 N) of forc

with either a point Ipad or an acceleration function. The downside to this method is that it can

it takes to set up an
positioning is separ
with only changes t
seat cushion are re

ained.

Alternate seating

e applied in the vertical
(as described in 7.1.1)
reatly increase the time

0 run a model. Oneymethod to minimize this impact is to split the simulation |nto two, where the ATD
hted from thedmpact. While this is beneficial if the same simulation needs to|be run numerous times
nat do not affect the ATD position, it is important to make sure that residual tress and strains in the

ethods exist. A prescribed motion can be defined such that the ATD prgperly deforms the seat

cushion while ending-in the location suggested by the test data. This method does not guarantee equilibrium and can
be tricky if there are any discrepancies, as mentioned above. Another method is to place the v-ATD in the final location,
resulting in initial penetrations, and define a contact that forces the cushion to conform. This method has the same
limitations as the prescribed motion method and can also struggle with thick cushions. A typical method in the
automotive industry is to place the v-ATD in the location defined by the test data (or vehicle drawings) and move or
modify the properties of the seat cushion to force equilibrium. This method is not recommended for the aviation industry.

Regardless of the method employed, the equilibrium of the v-ATD should be verified by the analyst through review of
energy balance or review of load/position time history plots or through animation of the simulation.
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Clothing

Per AS8049, an ATD must be clothed during a sled test. The primary impact of the clothing on the results of the test is
a function of the difference in the friction between the seat and either the ATD rubber flesh or the cloth material. Since
this change in friction can be accounted for in a simulation without the need for explicitly modeling the clothes, it is
recommended to not model any clothing during a standard impact simulation. Two possible exceptions to this are space
applications (pressure suits) and military applications (additional mass from gear/clothing).

The typical v-ATD will have shoes modeled. However, it is possible that the sole height could be different between the
physical shoes used and the default shoes on the v-ATD. It is recommended that the user should calculate the distance
from the floor to either the knee or ankle joints and compare this distance between the physical test and the simulation.

For significant deviations, the user may have to modify the v-ATD shoe or adjust the floor height.

7.2.7.2

Floor Deformations

The purpose of providin

airframe even though the seat or airfframe may be deformed by the forces associated with the)cra

deformation including s
methods for applying flg
is capable of producin

applying the crash puls¢, and minimizing noise in the simulation. Using either of theqmethods, the ar

the initial conditions of
movement of the ATD d

Two-Stage Analysis

The two-stage ana
applied to the seat
event is simulated.
done using the expl
are then used as th
due to physical pito
such that the initial

The following is a s
Step 1: Position the
Step 2: Conduct pit

Step 3: The deform
with the reference

g floor deformation is to demonstrate the integrity of the attachment of’the

election of specific pitch and roll configuration are defined in AS8049. 1
or deformation: two-stage and single event. Either method can bé&_acceptal
) the desired structural pre-loads in the seat, achieving the ‘proper v-AT

the ATD match the physical test and the two-stage might be preferred w
uring the pitch and roll event.

ysis consists of two separate simulations.*n the first stage/simulation, pitd
typically by prescribing displacement ofithe floor track. In the second sta
The first stage can be performed using’either implicit or explicit analysis g
cit method. The nodal positions and element output such as stresses and st
e starting input conditions for the second stage of the analysis. To account f
h and roll event, the v-ATD shaould be placed in the seat (with the seat in {
condition of the v-ATD and seat position accurately simulates the actual tes

ep-by-step summary:of'the two stage analysis:
v-ATD as per the.initial position reference points taken during the physical
ch and roll-procedure.

bd shape co-ordinates and stresses of the seat are applied and the v-ATD p
ointgtaken during physical test after pitch and roll.

seating structure to the
s5h. Procedures for floor
[here are two common
le as long as the model
D initial position before
alyst has to ensure that
hen there is significant

h and roll rotations are
ge/simulation the crash
nd the second stage is
ains from the first stage
pr ATD position change
he deformed condition)
t conditions.

test.

sition is again matched

Step 4: With these deformed shape co-ordinates and stresses incorporated into the entire system (seat + v-ATD), the
acceleration pulse is then applied to simulate a dynamic event.
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Foll Fixture

Pitch Fixture

Figure 17 - Pitch and roll fixtures

Figures 17 and 18 $how the floor deformation processes as described by the two-stage,analys|s.

Stage 1

Stresses After Pitch and Roll

Stage 2 E

Deformed Shape Modsl

F;yui'E'fe"'PfE'S'inﬂﬂat;un
¢ Single Dynamic Event Analysis

The single dynamic event involves the simulation of the floor deformation and conducting the crash analysis in one step.
This typically involves setting the v-ATD in the seat, followed by a period of 50 to 150 ms of floor deformation to achieve
the desired floor deformation and v-ATD position, and finally applying the crash pulse. In the physical test, FAA policy
allows for reposition of the ATD after floor deformation in an upright posture. This could cause discrepancies in initial
v-ATD position between the physical test and the simulation.
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7.2.7.3 Restraint System Initial Condition

Restraint systems play an integral role in both the motion of the occupant and the loading into the seat. As such, it is
important to properly define the initial condition of all restraint segments. For two-point lap belts, AS8049 calls for the belt
to be snug, but not excessively tight, which is commonly referred to as two fingers tight. FAA research has shown that this
belt tension adjustment is in the range of 5 to 10 pounds (22.24 to 44.48 N) (DOT/FAA/AM-02/11). For shoulder harnesses,
the properties of the inertial reel will determine both the pre-tension and payout and should meet AS8043. For developmental
tests, the inertial reel can be emulated by 1 to 1.25 inches (25.4 to 31.75 mm) of slack.

The length of belt segments can also affect the belt performance. Fixed length segments of the belt should be modeled with
the specified length (from seat drawings or physical measurements). For adjustable segments, obtaining the appropriate
pre-tension will drive the length of the belt. Physical measurements of the adjustable belt segments, as recommended in
5.1.2.1, can be used as a reality check on the simulated length.

7.2.7.4 Clamping

A clamping preload can be applied on the spreader or leg to be held on to the cross tube fitmly. This can be achieved in
multiple ways. One of the methods is briefly described below.

Load Curve
Spring Time (s) | Factor
0 1
0.01 0
1 0

Load

Figure 19 - Clamping example

Sections A and B need$ t6.be under load for the spreader/leg to hold on to the cross tube. This can be achieved as shown
in Figure 19. A discrete spring with an offset value (refer to the respective code) has to be used in between the two sections
and the load will be applied on these two sections at the start of the analysis. The equating forces will then be dropped to
zero within a small period of time as depicted in the load curve and this will pull the two sections to draw closer to hold on
to the cross tubes firmly.

7.2.8 Output Control

Output control is an important step in the modeling process. Results need to be thoroughly reviewed for accuracy since the
output is used to generate reports to communicate the validity and meaning of the model.

7.2.8.1 Energy Balance
After running a model, the overall energy balance of the system should be reviewed. This gives insight into the overall

response of the system to mechanical inputs and hence understanding the accuracy of the solution. The ratio of initial total
energy and total energy at any point during the dynamic event should be in the range of 0.9 to 1.1.
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7.2.8.2 Output Request

In many codes, output files are not generated automatically. The user needs to request each channel as required. It is
recommended to request all data channels that are recorded during similar physical tests. Additional channels may also be
useful for troubleshooting. It is useful for the time interval to be the same as the physical data. SAE J211-1 provides detailed
information on instrumentation polarity, sampling rate, and filtering methods.

7.2.8.3  Output Definition

In order to properly compare test and simulation results, it is important to select the appropriate output location. Loads,
accelerations, and positions are calculated at bodies (in a multibody solver) or nodes (in a FE solver). The simulation output
should come from a location that matches the physical location of a physical sensor or marker as closely as is practical.
Engineering judgment may be required, specifically for comparing physical markers on the flesh of the ATD (and the

resulting position) with position data from a simulation, which may be calculated based on hard points (such as the v-ATD
bone), a node on the v-R

TD-flestr,orevermramonphysicatspotattachedtoaivtB-body:
7.2.9 Common Errors

s list is not exhaustive.
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10% of the |E for non-critical seat components.

hergy (IE) and less than

Linear elements with reduced integration points are significantly more efficient than full-integration or second order elements
but are very sensitive to variations in element shape and susceptible to hour glassing (zero energy modes). Hence, refining
the mesh or using full-integration elements can reduce hour glassing effects. If not addressed, excess hour glassing can
significantly affect the accuracy of the results.
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8. NOTES

8.1 Reuvision Indicator

A change bar (I) located in the left margin is for the convenience of the user in locating areas where technical revisions, not
editorial changes, have been made to the previous issue of this document. An (R) symbol to the left of the document title

indicates a complete revision of the document, including technical revisions. Change bars and (R) are not used in original
publications, nor in documents that contain editorial changes only.

PREPARED BY SAE AIRCRAFT SEAT COMMITTEE



https://saenorm.com/api/?name=c979c511b831e24f8a7b43124cb9c489

SAE INTERNATIONAL ARP5765™B Page 77 of 103

APPENDIX A - METHODOLOGY FOR THE COMPARISON OF TEST AND SIMULATION WAVEFORMS
A1 INPUT

This appendix describes a means for determining an error between test and simulation data. For each required channel,
magnitude error and curve shape error should be evaluated. Channel inputs should have consistent units, appropriate
sampling rates (10 kHz for electronic instrumentation, 1 kHz for photometric) and equal time lengths. Test and simulation
position data need to have the same global origin and coordinate system. If required, units, data set length, and origin
offsets can be corrected during post-processing.

Time histories should be compared beginning with the onset of the test pulse and through significant system response (often
ATD motion) as seen in the physical test. The intent is to capture all the relevant data, while limiting the total length of
comparison, especially if that added length involves a lack of motion/signal response since this will alter the metric results.

A2 MAGNITUDE

A2 Motion Data

For proper evaluation,
data for the test and si

otion data will be handled differently than force, acceleration, velocity, and moment data. Position
ulation should be offset by the test data initial position (.P.) as 'seen in Figure A1. This approach
will preserve any initial ¢lifferences between the test and simulation results. To accamplish this, subjract the test data target
I.P. from the entire tim¢ history of both the test data and simulation data. Once/the data has begn offset, the magnitude
error, whether positive pr negative, can be determined by a simple difference,(Equation A1) of the most significant peak. If
the channel has significant positive and negative peaks, both should be evaluated. The curve [shape error should be
determined using the Sprague and Geers comprehensive error (Equation’A8).

Error = ‘Peak —Peak

Test Sim

(Eq. A1)

I.P.
Diff.

Test 1P, | Ay

Data Diff. { """
1P

o
v
X

(@)
v
X

Figure A1 - Coordinate transform illustration
A.2.2 Electronic Data
For all other data types (force, moment, acceleration, velocity), the magnitude error should be calculated using a relative
error calculation (Equation A2) on the most significant peak, whether positive or negative. If the channel has significant

positive and negative peaks, both should be evaluated. The curve shape error should be determined using the Sprague
and Geers comprehensive error.

|Peakrest — Peakgim

Error = *100% (Eq. A2)

[PeakTest|
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A3 SHAPE ERROR

The curve shape error is calculated using the Sprague and Geers comprehensive error. Given two time histories of equal
length, measured m(t) and computed c(t), the following time integrals are defined:

ty
lmm = (t2 —t4) ™' [m?(t)ct
ty

L, =t —t)" [ @t

(Eq. A3)

(Eq. Ad)

The magnitude error, bi

The phase error is defin

The comprehensive err|

Due to the relative simp
The integrals can be ap

1, =t =1)" [m()-cr

ased towards the test, is then defined as:

MSG = Icc/Imm -1

ed as:

PSG = lcos_l (Imc / Vlmmla)

T

pr is defined as:

CSG :\/M;G +PSZG

icity of the error metric; it can be implemented into a spreadsheet program w
proximated by summations using the trapezoidal method.

b

f(t)dt =
Jra==8
a

N
D=3 St + it )]
i=1

where:

(Eq. A5)

(Eq. AB)

(Eq. A7)

(Eq. A8)

th little loss of accuracy.

(Eq. A9)

N = the number of intervals such that At =

b—a

Because Equations A6 and A7 use ratios of the integrals, the coefficients cancel leaving, for example:

N

Z[c(ti)z +e(tyy, )2]

cc . i=l

mm Z[m(t,.)2 +m(t,,)°]

1

(Eq. A10)
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A4 THRESHOLD EVALUATION

A threshold evaluation is a simple observation denoting whether a signal exceeds a defined value (called a threshold).
There are two versions of this evaluation, with the choice dependent on the characteristics of the physical test data. For a
channel that is nearly zero during the critical phase of the event, a maximum load is defined (e.g., 100 pounds) and the
simulation output is checked to make sure that it does not exceed that threshold during the critical phase of the event. For
a channel that is non-zero, a maximum load greater than the peak seen in the physical test is defined. The maximum load
can be a multiple of the test maximum (e.g., 1.1*test max) or simple addition (e.g., test max + 100 pounds).

A5 REFERENCE

Sprague, M.A. and Geers, T.L., “A Spectral-Element Method for Modeling Cavitation in Transient Fluid-Structure
Interaction,” International Journal for Numerical Methods in Engineering. 60 (15), 2467-2499. 2004.
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B.1 GENERAL

As part of this document’s development, a data set was generated by the National Institute for Aviation Research (NIAR)
that meets the test parameter and quality requirements herein. This data set may be used to evaluate the fidelity of a
numerical Hybrid Il ATD as described in Section 3. Tests were conducted using a calibrated Hybrid || ATD at an acceleration

sled facility.

B.2 ACCESS TO THE DATA SET (REFERENCE 2.1.3.3)

APPENDIX B - NIAR DATA SET FOR THE HYBRID Il ATD

Available from SAE as part of this ARP (https://www.sae.org/standards/seat-committee-arp5765).

B.3 PELVIC SHAPE EVALUATION RESULTS

Table B1 - Pelvic shape evaluation

1st Seating 2nd Seating 3rd Seating Average
Cushion inches (mm) | inches (mm) | inches (mm) | ingches (mm)
H-pt
X Location None 5.08 (129.0) 4.90 (124.5) 4.91(124.7) 406 (126.1)
H-pt
7 Location None 3.76 (95.5) 3.79 (96.3) 3.89 (98.8) 3(81 (96.8)
Pelvic Angle None -0.98 degree | -0.59 degree | -0.76 degree | -0}78 degree
Cushion 1st Seating 2nd'Seating 3rd Seating Average
Thickness inches (mm) | inches (mm) | inches (mm) | ingches (mm)
H-pt t=4.0 inches
X Location (101.6 mm) 4.95 (125.7) 5.08 (129.0) 4.98 (126.5) 467 (127.1)
H-pt t=4.0 inches
7 Location (101.6 mm) 5.10 (129.5) 4.82 (122.4) 5.21 (132.3) 5005 (128.3)
: t=4.0 inches
Pelvic Angle (101.6 mm) -0.07 degree 0.64 degree -1.24 degree | -0]22 degree

H-pt height difference 5 1.24 inches (31.5.nm) (average Z with cushion - average Z without cushion)

All H-pt depth within 0.4 inch (5.08 mm)

Average H-pt depth = 4

All angles within 2 degr

PeS

Average angle = -0.5 d¢grees

B.3.1

Cushion thickness = 4 inches (101.6 mm)

Foam Properties

8 inches (126:6'mm)

Cushion width = 18 inches (457.2 mm)
Cushion length = 18 inches (457.2 mm)

Loading rate = 0.5 in/min (12.7 mm/min)

Platen diameter = 8 inches (203.2 mm)
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B.4 BELT PROPERTIES

Table B2 - Foam properties

Strain (l/lo) Load (pound (N))
0% 0
10% 16 (71.2)
20% 22 (97.9)
30% 28 (124.6)
40% 35 (155.7)
50% 45 (200.2)
60% 62 (275.8)
70% 97 (431.5)
80% 215 (956.4)

All configurations use 1
snap-hook design for
configuration. No d-ring
used to characterize th
(381 mm) strip of webb
avoid grip slipping durin
(254 mm) long. The me
(1.461 mm). Load verst

D0% nylon, 2 inch (50.8 mm) wide webbing with a lift-lever type buckle. The|belt anchors are a steel
the two-point configuration, and regular bolt-through fittings for he’ three- and four-point belt
s or retractors are used for the three- or four-point configurations)A quasi-static load frame was
b belt webbing at 6 in/min (152.4 mm/min). The webbing coupoh'was creafed by cutting a 15 inch
ing material from a new belt. The webbing strip was then tabbed on both
g the test. The end tabs were 2.5 inches (63.5 mm) long, making the couponi]s gage length 10 inches
asured width of the belt was 1.9 inches (48.3 mm) and the measured thigkness was 0.0575 inch

s elongation data for loading and unloading is contained in Table B3.

Table B3 - Seat belt characteristics

bnds with sandpaper to

Loading Curve Unloading Curye
% Load Load % Load Load
Elongation | True Strain (pounds) (kN) Elongation | True Strain (pomnds) (kN)
0.00 0.9qo 0 0.00 20.75 0.19 2000 8.90
0.75 0.01 100 0.44 20.00 0.18 1750 7.78
1.50 0.01 250 (N 19.50 0.18 1500 6.67
2.50 0.92 500 2.22 19.00 0.17 1250 5.56
5.00 0.45 750 3.34 18.00 0.17 1000 4.45
8.00 0.8 1000 4.45 16.50 0.15 150 3.34
10.50 0.10 1250 5.56 15.00 0.14 %00 2.22
12.50 0.12 1500 6.67 13.00 0.12 250 1.11
14.50 0.14 1750 7.78 10.75 0.10 100 0.44
16.50 0.15 2000 8.90 0.00 0.00 0 0.00
18.50 0.17 2250 10.01
20.50 0.19 2500 11.12
21.50 0.19 2590 11.52
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B.5 DYNAMIC TEST NUMBERS

Table B4 - Sled tests included in the NIAR calibration data set for Hybrid Il ATD

Test Angle Loading
Scenario Belt Type (degree) (9) Test Number

2-pt Nylon 0 16 07324-4

1 2-pt Nylon 0 16 07324-7
2-pt Nylon 0 16 07324-28

5 2-pt Nylon 60 19 07324-11
2-pt Nylon 60 19 07324-12
3-pt Nylon 0 21 07324-8

3 3-pt Nylon 0 21 07324-9
3-pt Nylon 0 21 07324-29

4 4-pt Nylon 0 21 07324-26
4-pt Nylon 0 21 07324-27

The accuracy of the ph

B.6 TIME DURATIQN

btometric data, calculated per SAE J211-2, in this test series rangéd from (. 01 inch (0.254 mm) to
0.09 inch (2.286 mm). This data can be found in the Info sheet (Section B.2) under “accuracy check.

The data set was exam|ned by the committee to determine the appropriate time duration of significant system response for
the channels listed in Tqble 3 of Section 3. In some cases, it was necessary.to truncate the time duration prior to the desired
duration due to unavailpbility of position data or test artifacts. The data'set was also examined tp determine the type of
evaluation (peak, curvg shape, or both) that was appropriate for each parameter. Table B5 provides the recommended
evaluation parameters Uinique to this data set.

Table B5 - NIAR calibration data set for Hybrid Il ATD - time duration

Forward Facing
Forward Facing 60 Degree Forward Facing Forward Facing
Two-Point Belt Two-Point Belt Three-Point Belt Four-Point Belt
Time Duration Time Duration Time Duration Time Duration
Channel Descripfion (ms) (ms) (ms) (ms)
Sled Ax 200 125 140 150
Chest Ax (CFC 180) 180 150
Lumbar Fz 100
Lumbar My 100
Right Lap Belt load 200 180 150
Left Lap Belt load 200 180 150
Right Shoulder Belt logd 150
Left Shoulder Belt load 180 150
Seat Pan Fx 175 125 180 150
Seat Pan Fz 150 125 180 150
Seat Pan My 150 125 180 150
Head CG X position 174 125 180 150
Head CG Z position 174 125 180 150
H-Point X position 190 180 150
H-Point Z position 190 125
Ankle X position 160
Ankle Z position 160
Shoulder X position (Right) 180 150
Shoulder Z position (Right) 180 150
Opposite Shoulder X pos 159
Opposite Shoulder Z pos 159
Head Angle 174 150
Pelvis Angle 190 125 150
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