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Abstract 

This paper summarizes the status of the V-22 
Engineering and Manufacturing Development 
program, emphasizing the status of the Inte
grated Product Teams and resulting aircraft 
design-to-cost and weight status. It discusses 
the V-22 overall design constraints, digital elec
tronic flight controls, benefits of automated 
composite construction and hot isostatic pro
cessed titanium castings, the integrated wiring 
system, multi-mission and supportability fea
tures designed into the V -22. Status of risk 
reduction flight testing of aircraft #2 and #3 is 
also presented. 

1. Introduction 

The V-22 Engineering and Manufacturing De
velopment (EMD) program was awarded to 
Bell Helicopter Textron, Inc. and The Boeing 
Company, Defense & Space Group, Helicop
ters Division (Bell-Boeing) in October 1992. 
The EMD contract continues and completes the 
development work begun under the original V-
22 Full Scale Development (FSD) contract, 
which was terminated upon commencement of 
EMD. The EMD program has already provided 
the U.S. Navy with significant improvements in 
aircraft performance and affordability while 
remaining solidly on schedule. EMD consists 
of the design, fabrication and flight testing of 
four new production representative aircraft. 

Concurrently, flying qualities and performance 
flight testing continues on two FSD aircraft in 
order to further expand the V-22's operating 
envelope and reduce risk in the EMD design. 
Figure 1 depicts the EMD program schedule and 
shows planned production contracts and aircraft 
deliveries. 

Military service designations for the new V-22 
aircraftaretheMV-22 for the U.S. Marine Corps 
version (and baseline aircraft for the family), 
CV-22 for the U.S. Special Operations Com
mand variant, and HV-22 for the U.S. Navy 
version. The Marine Corps intends to produce 
425 MV-22s for the amphibious assault mission 
to replace its aging fleet of CH-46 helicopters. 
USSOCOM will integrate 50 CV -22s into its 
mix of aircraft to provide an enhancement of 
long range infiltration I exfiltration capabilities. 
The Navy's 48 HV -22s will provide a significant 
improvement in combat search and rescue ca
pability. See Figure 2. Although not shown on 
Figure 1, production of the HV-22 is anticipated 
to commence in 2005. 

2. Integrated Product Teams (JPTsl 

The V -22 Program incorporated an IPT approach 
initiating with design work to gamer the benefits 
which accrue from concurrent engineering. Each 
IPT operates as a miniature, self-contained pro
gram having ownership of a specific product and 
the authority to manage all aspects of its develop-
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ment. The IPT is composed of members of the 
various functional organizations within Bell
Boeing and the Navy. The V-22 program pres
ently has 72 IPTs at Bell and Boeing focused on 
meeting the needs of the services while reducing 
cost and enhancing quality. The air vehicle 
integration and aircraft global issues are managed 
and directed by a combined Bell-Boeing and 
NA V AIR team from the V -22 Program Office. 
See figures 3 through 5. 
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3. Desi!m-To-Cost fDTCl 

Bell-Boeing began EMD by initiating 
affordability trade studies and soliciting Cost 
Improvement Proposals (CIPs) to generate ideas 
for cost reduction. Many of these proposals have 
been incorporated into the EMD configuration. 
The combination of affordability trade studies 
and an effective DTC program have yielded a 
steady reduction in recurring production costs. 
See Figure 6. As shown in Figure 6, the 
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recurring flyaway cost has been reduced by 
16%. This reduction in recurring cost has been 
achieved in consonance with a net reduction in 
operating and support costs. Consequently, re
duction of near-term production cost has not 
been achieved at the expense of increasing life 
cycle cost (LCC). 

DTC is an acquisition management technique 
integral to the systems engineering process that 
encompasses all elements of recurring flyaway 
cost. The joint Navy/Bell-Boeing DTC plan 
documents the resources, tools, and processes 
being used to minimize V-22 LCC; to report 
progress against cost targets; and to initiate ac
tions whenever cost targets are breached. A 
target for recurring flyaway cost has been devel
oped and allocated to each Integrated Product 
Team (IPT). Variances to the target are managed 
by DTC personnel assigned to each team. The 
DTC plan encourages active involvement and 
participation among contractor personnel, sub
contractors and the Government. 

The IPTs will continue to use DTC to incorpo
rate as many cost saving ideas into the EMD 
configuration as possible. However, due to 
development cost and schedule constraints, some 
improvements will be postponed until production. 
They may fall into the category of Value Engi
neering Change Proposals (VECPs) or a Pre
planned Product Improvement (P3 I) block 
upgrade. Bell-Boeing will continue to report 
recurring flyaway cost as it evolves for the EMD 
aircraft. To preclude the loss of any attractive 
cost saving ideas, the program team will attempt 
to capture them through a V -22 production ini
tiatives (VPI) effort. 

4. Weif,!ht Control 

Bell-Boeing's EMD proposal included design 
changes that reduced aircraft weight empty from 
35, 332 pounds (end ofFSD weight) to 33,140 
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pounds (end ofEMD weight). The major weight 
reduction areas have been: (1) Fuselage -1,162 
pounds, (2) Empennage and vibration suppres
sion system -397 pounds, (3) Wing and nacelle 
-896 pounds, (4) Integrated wiring system -523 
pounds, (5) Drive and rotor systems -190 pounds, 
and ( 6) Avionics and other subsystems -425 
pounds. 

Based on a specification weightof33,140pounds, 
a target of 31,890 pounds was set with alloca
tions to each IPT. The 1,250 pound difference 
from target weight to specification weight is 
comprised of 650 pounds (2.0%) margin for 
growth during design and manufacturing and 
600pounds (1.8%) margin from frrstflightto the 
end of the EMD contract. 

Figure 7 shows the progress the IPT(s) have 
made meeting their assigned weight targets. 
The V-22 weight empty at the end of July 1994 
was 31,784 pounds, 122 pounds below Bell
Boeing's target for this phase. As can be seen, 
the weight trend has been continuing down but 
will tend to flatten as design drawings are re
leased. It should be noted that a more conserva-
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Weight Err$ty (lb1) ... 
..... 
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tive value for weight empty (33, 7 43 pounds) has · 
been used for all performance calculations shown 
later. 

5. Oyera!l Design 

Meeting the constraints imposed by shipboard 
compatibility has established such important 
design parameters as rotor diameter, wing span, 
landing gear footprint, empennage height, and 
nacelle length. A cross section of a Navy am
phibious assault ship, LHA (Figure 8), illus
trates these constraints. Shipboard spotting 
factors and elevator size also dictated the blade 
fold I wing stow complexity. To minimize the 
space occupied when folded, the width across 
the main landing gear, the horizontal stabilizer 
span, and the nacelle length are approximately 

the same. Once the overall configuration was 
set, new technologies were applied which in
cluded: (1) digital electronic flight controls, (2) 
automated composite construction, (3) hot iso
static process (HIP) titantium castings, and (4) 
an integrated wiring system. Some of these new 
technologies will be discussed below. 

6. Digjtal Electronic Flight Controls 

The V-22's digital electronic flight control sys
tem (EFCS) allows the Vehicle Management 
System (VMS) to be tailored to optimize han
dling qualities throughout all tiltrotor flight re
gimes: helicopter, conversion, and airplane 
modes. Combined with the electronically con
trolled, 5000psi hydraulic actuating system, fly
by-wire allows scheduling and mixing of both 

LHA Clearance Requirements 
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helicopter and airplane controls with minimal 
weight penalty. Additionally, automatic flight 
envelope protection is provided, including en
gine/rotor torque limiting, structural load alle
viation, and conversion corridor protection. 
Flight safety reliability is the primary driver for 
the VMS, whose architecture is based on a 
robust EFCS design proven in 25 years of 
ground and flight testing. 

Flight critical functionality is partitioned to 
provide protection between critical and non
critical functions and to minimize critical hard
ware and software failures. In-line fault 
monitoring provides 100% detection of critical 
failures. Finally, the occurrence of failures is 
accepted and embedded recovery routines pro
tect against processing lock-up. A "third fail 
inhibit" insures that no fault will cause the third 
and final system of a triply redundant digital 
EFCS to be shut off (if the other two have 
previously failed). Figures 9 and 10 depict key 
characteristics of the V -22 VMS. 

6. Automated Comoosjte Construction 

Composite materials give the designers precise 
control over the stiffness of primary structure, 
allowing them to place the aeroelastic stability 
limits well outside of the operating envelope 
and to avoid resonance that could lead to unac
ceptable vibration levels and fatigue loads. 
Structures that use composite materials have a 
high resistance to fatigue, will not corrode, and 
weigh less than equivalent metal structures, 
making them particularly suited to a Navy tac
tical aircraft such as the V -22. 

The incorporation of a new composite manu
facturing technology (fiber placement) into the 
V-22 has provided two major benefits: (1) 
recurring cost reduction, and (2) improved 
quality through process repeatability. The aft 
fuselage is shown in figure 11 being produced 

Vehicle Management System 
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Figure 10 

on the fiber placement machine at Boeing Heli
copters. This specimen is presently being sec
tioned to confirm its predicted structural 
properties and manufacturing processes. This 
design resulted in a recurring cost savings of 
$364,000. The redesigned proprotor grip devel
opment specimen, shown in figure 12, yielded a 
recurring cost savings of $89,000 per aircraft. 
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Aft Fuselage 

Flgure 11 

Transmission Adapter 

Figure 13 

7. Hot Isostatic Process £HIP} Tjtanjum 
Castines 

The transmission adapter, which transfers thrust 
loads from the rotor to the airframe, offered 
great potential for cost and weight reduction 
and fatigue life improvement in EMD. After 
several trade studies, it was concluded that the 

Proprotor Grip 

Flgure 12 

best approach was to use a HIP titanium casting 
with machined interfaces (figure 13) in lieu of 
the multi-piece machined and bolted forgings 
used in FSD. The HIP cast transmission adapter 
has resulted in a weight and recurring cost 
savings of 162 pounds and $63,000 per aircraft. 
This component is presently being developed 
byHowmetofNorfolk, VA, and Bell Helicop
ter Textron. 

8. Inteerated Wjrine System £JWS) 

The IWS was a a refinement of a Navy initiated 
trade study to determine the benefits of various 
wiring concepts. IWS was selected for the basic 
wiring architecture to improve supportability 
while reducing weight and cost. Implementa
tion of IWS permits squadron level repair and 
replacement (with removable harnesses) thus 
decreasing repair time. IWS also improves the 
accuracy of repair and further reduces the re
quirement for depot level rewiring during each 
aircraft's service life. 

IWS uses an organized wiring concept to pro
tect critical wires from hostile signals by shield-
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ing with non-critical wires. See Figure 14. This 
concept, along with the addition of junction 
boxes, eliminates the "spider" harnesses com
monly used on existing aircraft. See Figure 15. 
IWS has resulted in a weight and cost savings of 
523 pounds and $316,300 per aircraft. 

9. Mu!tj-Mjssjon Features 

The V -22 has been designed with multi-mission 
features in the baseline MV-22 (Marine Corps) 
that allow the CV-22 (USSOCOM) and HV-
22B (Navy) to meet their requirements with a 
single joint service airframe. Some of the fea
tures inherent in the V -22 are described in Fig
ures 16 and 17. Not shown, but important to the 
military suitability of the V -22, are the many 
redundant systems and other features to enhance 
its ballistic survivability and its design for op
eration in a chemically, biologically, or radioac
tively contaminated environment. Chief among 
the latter features are a slight over-pressure of 
the troop compartment and cockpit to inhibit 
entry of contaminates into occupied areas of the 
aircraft. The EMD program has allowed refine
ments in the design which U.S. fighting forces 
will appreciate as enhancements of the aircraft's 
war fighting capability. The V-22's high speed 

V-22 Wiring System 
Integrated Wiring System 
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performance compares favorably with conven
tional turboprop aircraft, although its high ma
neuver performance exceeds that of most 
transports. Using conservative values of 29.4 
ft2 (Figure 18) and 33,743 pounds for drag and 
weight, respectively, it can be shown that the V-
22 easily meets the requirements for the Marine 
Corps and USSOCOM missions. (See Figure 
19.) Strategically and tactically, the two perfor
mance enhancements that the V -22 delivers over 
conventional helicopters are speed and range. 
Recalling that the area (A) of operational effec
tiveness increases with the square ofrange (R), 
A=PR2, the impact of the V-22's speed and 
range advantage is shown in figures 20 through 
23. 

10. Suooortability 

Supportability has been designed into the V -22 
from the ground up. Real concurrent engineer
ing, which considers design engineering, manu
facturing, human factors engineering (HFE, for 
both aircrew and maintainer), reliability and 
supportability, has been achieved in EMD . 
through customer participation in IPTs and 
through logistics support analyses (LSAs). An 
effective design-for-maintainer(DFM) program 

V-22 Wiring System 
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Flgure 15 



BLADE, -------------~1 DEICE-

BLADE 
FOLDING 

DOWNED AIRCREW 
LOCATOR SYSTEM 
{DALS) 

REFUELING 
PROBE 

V-22 Multimission Features 

AUTOMATIC 
WING STOW 
SYSTEM 

AUXILIARY 
POWER UNIT 

MULTlMODE 
RADAR 

PtLOTNIGHT 
VISWN SYSTEM 

SINGLE AND DUAL 
POINT CARGO HOOKS 

CARGO WINCH 
SYSTEM 

Survivability Configuration 

ENGINE AIR 

LOADING 
RAMP 

INTERCONNECT 
DRIVE SHAFT 

ALLISON 
T406·AD""'OO 
ENGINE 

PARTICLE SEPARATOR 

Figure 16 

• NBC PROTECTION (INTERIOR • EXTERIOR HARDENING) 

Figure 17 

51-9 



Minimum Drag Level 

WUoliMUUDRAG 

··~ 
" 
22 

~~-------.------,-----
,,., 

"'' 
,,., 

Flgure 18 

The V-22 Is More Capable 
Than Helicopters 

.. __ _ 
____ .. 
. ,., __ ... 
--·-... 

,_,, ... ,_ .... .,..., .... ,_. __ 
Flgure 20 

V-22 Potential 
Operation Desert Shield 

51-10 

Mission Performance 

"'''''"'" !SI,..Ut 

... , ... ,..., .. > •• , ............ , •. , 

""'""'"'"·······"'' ,,,, ,, ! 

.... u ...... , ''"''-'<>''' 
1"00A.5AULI<t" !U I 

'"'"""'"''"'"''"'"'' """ 

WY UO{II t><P\OY"""'''"'"""I lltJUIL> 

OV » "" O<:OlQ>I .. NF fW/0 AI~IA< nU<JlO I 

.,,._.,,., 
"''"""'""'"""'""'''" """" ""OV .. <C..I.,_.O...CI.,_,, ... ,,.,,,,~,_, 

::=:';::~~~~~.':""""-""'""'' 
, .. ,,,..,oowo•·•-"""'"""".. "'"'"• .. ..,,...._,,, 

'·'""'"" 
M"~l!U~> 

'-'"' 

The Benefits of 
Speed and Range 

·~· 
"'"" .. 

,_ .. , 

Flgure 19 

MISSION SPEED I RANGE BENEFIT 

land Warl81e 

CSAR/TRAP 

SpedoJOpon>-

Deeper pcwer projec!ion 'From the Sea" 
Allowa gte.ater l\e61 staod~tf distance lor 

~~;:;~~~~~ 
lowef attrition • !ewer casualties 

~~;!~~=ij!,~f:r~~~aus 
• Expanded radjus ot action 
- Fu\it reaction time 

lnaeaMd probability ot rescue 

lncraased oper_ational aeculily 
Gre.atar operatiOnal flexibility 

ROOoc&d casualty mortll!ity - rrh& GoiO&n Hour" 

Reduced r&lianCe 01'1 OV&r&&al baaing 
More rapid Ioree closure 
Reduced reliance on atrategic HI 

Flgure 21 

HV-22 Combat 
Radius Comparison 



fine tunes the design prior to drawing release for 
maintainability and accessibility and makes the 
V -22 a "maintenance friendly" aircraft. Figure 
24 depicts how the V-22 is being prepared for 
fleet introduction. 

V-22 Supportability I 
Fleet lntroducton 

F1gure 24 

The requirement for scheduled depot level 
·maintenance (SDLM), or periodic overhaul, has 
been reduced through the use of composite con
struction and an "on condition" component re
moval philosophy. "On condition" maintenance 
is implemented through the V-22's health moni
toring system (HMS). HMS makes use of the 
cockpit management system; the vibration, 
structural life, and engine diagnostics (VSLED) 
maintenance data recording system; and applies 
a central, integrated check -out philosophy. HMS, 
combined with extensive built-in test systems 
and high reliability, reduces the need for be
tween-flight inspections and will result in high 
mission availability. 

11. Integrated Flight Testing 

As a special case IPT, a flight test Integrated 
Test Team (ITT) has been formed to consolidate 
contractor and government development testing 

(DT). The ITT is composed of Bell-Boeing and 
government personnel working as a unified team 
to meet both contractor and government flight 
test objectives. As a result, schedule inefficien
cies have been reduced and dedicated govern
ment DT periods have been eliminated. Safety 
has been enhanced and recurring training re
quirements have been reduced because the gov
ernment and contractor are no longer transferring 
the aircraft back and forth. By combining gov
ernment and Bell-Boeing pilots and engineers 
into one test team, the total number of both has 
been reduced. Also, joint government I contrac
tor flight testing has allowed the development of 
one common, shared flight test database. Single 
siting of the ITT at NAS Patuxent River, MD, 
has allowed further resource pooling and safety 
enhancement through improved communication 
and reduced personnel travel. Figures 25 through 
26 summarize flight test achievements and show 
test schedules for the risk reduction test aircraft 
(#2 and #3) and the follow-on EMD flight test 
aircraft ( #7 through# 10). Particularly worthy of 
note is that an independent operational test team, 
which evaluated the FSD aircraft, concluded 
that the V-22 is potentially operationally effec
tive and potentially operationally suitable for its 
intended missions. 

V-22 Flight Test Accomplishments 
(as of 11 August 1994) 
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V-22 EMD Program Schedule 
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