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Abstract

Although helicopter has become a versatile mode of aerial transportation, high vibration
levels leads to poor ride quality for its passengers and aircrew. Undesired vibration
transmitted through the helicopter seats have been known to cause fatigue and discomfort
to the aircrew in the short-term as well as neck strain and back pain injuries due to long-
term exposure. This research study investigated the use of novel active as well as passive
methodologies integrated in helicopter seats to mitigate the aircrew exposure to high
vibration levels. Due to significantly less certification effort required to modify the
helicopter seat structure, application of novel technologies to the seat is more practical
compared to flight critical components such as the main rotor to reduce aircrew vibration.

In particular, this research effort developed a novel adaptive seat mount approach
based on active vibration control technology. This novel design that incorporated two
stacked piezoelectric actuators as active struts increases the bending stiffness to avoid the
low frequency resonance while generating forces to counteract higher harmonic vibration
peaks. A real-time controller implemented using a feed-forward algorithm based on
adaptive notches counteracted the forced vibration peaks while a robust feedback control
algorithm suppressed the resonance modes. The effectiveness of the adaptive seat mount
system was demonstrated through extensive closed-loop tests on a full-scale helicopter
seat using representative helicopter floor vibration profiles. Test results concluded that
the proposed adaptive seat mount approach based on active control technology is a viable
solution for the helicopter seat vibration control application. In addition, a unique flight
test using a Bell-412 helicopter demonstrated that the aircrew is exposed to high levels of
vibration during flight and that the whole body vibration spectrum varied substantially
depending on operating conditions as well as the aircrew configurations. This
investigation also demonstrated the suitability of integrating novel energy absorbing
cushion materials to the seat as a low cost solution to improve aircrew vibration
suppression. Therefore, it was recommended to pursue certification of novel seat cushion
materials as a near-term solution to mitigate undesirable occupational health hazards in

helicopter aircrew due to vibration exposure.



Acknowledgements

| wish to express sincere appreciation to my thesis advisors, Professor Fred Nitzsche and
Professor Jurek Sasiadek, for their support, encouragement and guidance. | am also
grateful to Professor Carlos Cesnik from the University of Michigan and Professor Dan
Necsulescu from the University of Ottawa for serving on my committee. | would like to
thank other members of the thesis examination committee from Carleton University,
namely, Professor Daniel Feszty, Professor Abhijit Sarkar and Professor Joana Torres Da
Rocha, for their time in reviewing dissertation and providing valuable suggestions.

This research project could not haven possible without the support of the National
Research Council Canada. In particular, I would like to thank Dr. David Zimcik, the
Group Leader of the Aeroacoustics and Structural Dynamics Group, for continuous
encouragement and insightful guidance. In addition, I would like to thank my colleagues,
namely, Dr. Anant Grewal and Dr. Yong Chen, Dr. Sebastian Ghinet, Luc Hurtubise and
Brent Lawrie for their invaluable guidance and continuous support throughout this
research project. | would also like to acknowledge the support from NRC Bell-412
helicopter crew, including, Stephan Carignan, Bill Gubbles and Robert Erdos, for
accommodating unusual requests with a smile in order to conduct unique flight tests.

Finally, 1 would like to most sincerely thank my wife, Dinu, for her patience,
understanding, encouragement, and unconditional support throughout this program. |
appreciate all the hugs and encouraging comments from daughter Seyla and son Seth
through the years. | am also grateful to both my parents and family for their

encouragement and support.



Table of Contents

N 0 1S] £ - [o! SRS R iii
ACKNOWIBAGEMENTS ...t 1\
Table Of CONTENTS ..o e e e e saa e nreennnas v
LISt OF TADIES ... e e iX
I TS 0 1o [N PSSR X
List OFf ADDIrevIations .........ccooiii i Xiil
Chapter 1 Helicopter Aircrew Vibration and Control Approaches................... 1
1.1 0] AV ] o SRS 1
1.2 Background in Helicopter Vibration Control ...........c.cccovvevieieiieeie i 3
1.2.1 Passive Vibration Control for HEliCOPLErs .........ccveviiiiiiciccece e 4

1.2.2  Active Rotor Control for HElICOPLErS.......ccviveieiecicie e 5
1.2.3  Active Control of Structural Response (ACSR) .......ccccoveviiiviie i 9

13 Adaptive Helicopter SEat IMOUNTS..........ccociiii et sre s 10
1.3.1 Current State of Adaptive Seat Mount Developments...........cccccevevvcvieiececciennnn, 10

1.3.2 Active Control Technology for Adaptive Seat MOUNLS............cccoeveveeieieieciennn, 11

14 Objectives OF the THESIS ...cuecieii e 12
15 Original CoNtrIBULIONS.........ccviiiiicic e 14
1.6 Organization OF the TRESIS. .......cciiiiiiiir s 16
Chapter 2 Flight Tests to Characterize Helicopter Aircrew Vibration ........... 17
2.1 Helicopter Seat Vibration ..o 17
2.2 L T LA IS A o o o SO 18
2.2.1  Flight TeSt HEIICOPLEL ...c.vvivieiecieeie ettt st nne s 19
222 FIGNt Profile ..o e 20
2.2.3  AUTCIBW SEAL.......eiiiieieiiiteeie ettt ettt sttt e e steene e besae et e sbeaneeseeeneenaenneas 21
2.2.4  INStrUMENtation SETUPD ......eoveieiiieie ettt ettt ere e e 22

2.3 Flight Test Results and DISCUSSIONS ...........civieeiriieieiesee et 25
2.3.1  Overall VIDration LEVEI ..ottt 27



2.3.2  Vibration Assessment Based on 1SO 2631 Standard ...........coovevveveiieveeeiecneee s 28

2.3.3  Weighted rms Acceleration Method ............cccocvviiiie e 29
2.3.4  Maximum Transient Vibration Value ..o 30
2.3.5  Vibration DOSE ValUE........ccoiiiiiiiiiiieees s 31
2.3.6  Assessment Aircrew of Health, Comfort and Perception..........ccccevvvviveiviiciennns 32
2.3.7  Statistical SignificanCe Of Data ..........ccevverieiiiiiiirii e 34
24 Frequency Domain ANAIYSIS ........ccviiiiiiiiieecee s 34
2.4.1  SPECHral ANAIYSIS. .....cviiiieiiiiii e 34
2.4.2  TransmisSiDIlIty ANAIYSIS........ccviiiiiiiiiec e 38
25 Summary of the FIIght TESE........coviiii s 39
Chapter 3 Characterization of Seat System Dynamics for Simulation............ 41
3.1 Experimental Modal ANAlYSIS .........coiiiiiiiiiiciiie e 41
3.1.1 Brief Theoretical Background............ccccooiiieiiiiiiii i 42
3.1.2  Experimental Modal TeSt SEUD.....ccviiiiiiiieiie e 45
3.1.3  Experimental Modal Data ANAIYSIS .......cccceveviiieiiieiicieie e 48
314 MoOdal TESE RESUILS......cverieiieiieiicie et 51
3.2 Identification of Factors that Affect Modal Parameters ...........ccccooeveveiieniencnenesienenns 53
3.2.1 Variation in Aircrew on Modal Parameters ..........ccoceveveveneneininincse e 53
3.2.2  Variation in Vibration Input Level on Modal Frequencies..........cccocvvveveveiieniennnas 56
3.3 Development of a Biodynamic MOdEL...........cccoviiiiiiiiiicic e 57
3.3.1  Lumped Parameter MOGEL...........cooiiiriiiiieice e 58
3.3.2  Formulation of EQUations OF MOTION...........cceiiiiiiriiiieeee e 60
3.3.3  Performance of Dynamic SIMUIALION ...........ccouiiiiriiiiieeee e 61
3.3.4  Dynamic SImulation RESUITS...........ccoriiiiiiiiiiici e 61
3.4 Summary of the Modeling and SImulation.............cccooiiiiinii 63
Chapter 4 Adaptive Seat Mount Development and Verification...................... 65
4.1 Adaptive Seat MOUNE DESIGN.......coiviiiiicice ettt st sre s 65
4.2 Determination of Actuator SPECITICALIONS ...........cccviieiiiiee e 67
4.2.1 Estimation of Actuation AUNOIILY ........ccccoveieiiieiiii e 67
4.2.2  Selection of the Actuation Technology .........cccoooveiiiiiiieiiiee e 68
4.3 System Identification of Integrated Seat Hardware............cocooeiiiieiiniere e 72
44 Adaptive Control Law DevelOpPmMEeNT. ........cov e e 74

Vi



4.4.1  Adaptive Notch Concept to Control Harmonics ..........ccovvvvevevesiieie e 75

4.4.2 Control Path Identification Method............cooeriiiiniiiini e 78
4.4.3 Reference Signal Synthesis Method..........cccccciviviiiiiiiie i 81
4.4.4  Stability of the FLMS Control Algorithm ..o 82
4.4.5 Simulation of the Adaptive Notch Control Algorithm...........ccccceveviiiiiiiieiiece 83
45 Feedback Algorithm for Resonance Vibration Control...........c.cccvcvvveiiiieieiicnenne 86
4.6 Controller Implementation PIatfOrm ...........cccooiiiiiiiiieee s 88
4.7 Experimental Performance Verification ...........ccccooviiiinine i 89
4.7.1 Sinusoidal Vibration SPeCtrum TeSE .........ccooeiiiiiiiriiircre e 90
4.7.2  Combined Vibration Profile TESt.........ccoviviieiiiie e 91
4.7.3 Discussion of the Adaptive Mount Performance ............cccooevereieiiniineneneneseens 93
4.8 SUMMAry and CONCIUSTONS .........oviieiiiiiriisie e 94
Chapter 5 Investigation of Energy Absorbing Seat Cushion Materials .......... 96
5.1 Helicopter Seat CuShion DESIGN......ccucii i 96
5.1.1 Applicable Cushion Design REQUIFEMENTS .........ccceceeieierieeiieiiseesre e e saesnes 97
5.1.2 Proposed Cushion Modification Approach..........ccccceeveiiiiiiiiiiiiciceee e 97
5.2 Evaluated Novel Cushion MaterialS..........ccouveiriniiiiinine e 98
5.2.1  Hybrid Air Cushioning System - Mitigator..........ccccceciiiiiiieiiniieeccceee e 99
5.2.2  Viscoelastic Polyurethane - SOrbothane............cccevviiiicicc e 100
5.2.3 Material Characterization using Shaker TeStS..........ccccviiiiieiiiiecie e 101
53 Mechanical Shaker Tests to Extract Material Properties............cccoovevvivnineniienenen. 104
54 Flight Tests to Verify Vibration Suppression Performance .............cccoccvevnereneniennns 108
5.4.1 Evaluation of Sorbothane Material ............cccccvvveiiviieiiniie e 111
5.4.2  Evaluation of Mitigator Material............ccooeiiiiiiineieeee s 112
55 SUMMAry and CONCIUSIONS ......c..oiveiiiiisiiseste e 119
Chapter 6 Conclusions and Recommendations.............ccoccvveerveresiesneniesnenn 121
6.1 (O] Tod 111 o] 4SS PRSPPI 122

6.1.1 Confirmed the Viability of the Adaptive Seat Mount Methodology for the
Helicopter Aircrew Vibration SUPPIeSSION .........coveiviieieieeiee et 122
6.1.2 Verified the High Levels of Vibration Exposure in Helicopter Aircrew in Flight.123
6.1.3 Demonstrated the Suitability of Novel Energy Absorbing Cushion Material for
Helicopter Seat APPIICALION .........ooiiiieee et 123

vii



6.2 RECOMMENALIONS ....eveeee ettt ettt e e et e e st e e s st e essreeeessebeeeesserreeessareeeesias 124

6.2.1 Refinement of the Adaptive Seat Mount DeSign ........c.cccvvvveveieeie v, 125
6.2.2 Enhancement of the Biodynamic Seat Model ............ccccoovvviviiiii v, 126
6.2.3 Helicopter Integration of the Actuation SYSteM.........ccccccvviveviieeie s e 126
6.2.4 Expanded Flight Test Program to Survey Cabin Environment...........c...ccccocvene.n. 127
6.2.5 Airworthiness Certification of the Novel Cushion Material ............cc.ccoocvveveinnnenn. 128
Appendix A Bell-412 Aircrew Vibration Spectra from Flight Tests.................... 130
Al TeSt Flight CONGITIONS. .....cocoviiiiiiiiee e 130
A2 Sensor INStrumentation SYSIEM.........cciiiiriiiieiiier e 130
A.3  Spectral Data Analysis Parameters ...........ccoeveiiririnininesieseseee s 131
A4 Measurement Locations and DireCtiONS. ........cccvvviiervieereseeiese e see e 131
Appendix B State Space Formulation of the Biodynamic Model.......................... 148
B.1 Definition of State-SPace FOIM ........cccviiiiiiiiie et 148
B.2 Derived State-Space MaLtriCES........coviiiiiieiieieee e s es 148
RETEIEINCES ...ttt ettt bbb sbenne s 152

viii



List of Tables

Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 2.5:
Table 2.6:
Table 2.7:
Table 3.1:
Table 3.2:
Table 3.3:
Table 4.1:
Table 4.2:
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:
Table 5.5:
Table 5.6:
Table 5.7:

Table A.1:

Information of accelerometers used in the flight test ...........c.ccccovveiiiiiinens 23
Measured g-rms vibration levels for the pilot locations.................ccoceovrvnnne. 26
Measured g-rms vibration levels for the co-pilot locations..............cc.ccovnenee. 26
rms acceleration ranges for level of comfort [92] .......cccocvvvevveii e, 30
VDV ranges for level of perception [96]........c.ccoceiveieiieniicii e 31
Measured vibration of the pilot evaluated based ISO 2631 standard............... 33
Measured vibration of the co-pilot evaluated based ISO 2631 standard......... 33
Variation in vibration resonance characteristics for each mannequin............. 55
Variation in vibration resonance characteristics with input levels................. 57
Mass, stiffness and damping parameters used in the model..............ccceeneee. 58
Actuation requirement based on flight conditions............ccccooeveiiienininnne. 68
Bulk piezoelectric properties [120] .....ccoveveieeiiiiie i 69
Material properties of Mitigator CUShIONS ..........cccoveiieii i, 100
Sorbothane material Properties...........ccovveriieniiinieeeee s 101
Extracted material properties of cushion material............c.cccooeviveveiinninennne 103
Percentage of reduction for each cushion combination based on g-rms ....... 105
Flight test matrix to evaluate all selected cushion configuration ................. 110
Measured g-rms vibration levels for Sorbothane material ............c.cceeene. 115
Measured g-rms vibration levels for Mitigator material................cccccoceninene 116
Vibration spectra with corresponding flight conditions for each test run..... 131



List of Figures

Figure 1.1: Sources of helicopter rotor vibration..............cccccevv i 4
Figure 1.2: Schematic of a Higher Harmonic Control (HHC) system ...........ccccoeveviennenne. 6
Figure 1.3: Schematic of Individual Blade Control (IBC) system .........ccccccevvvviniinrennnnne 7
Figure 1.4: Hybrid helicopter Seat deSIgN ........ccveieiieiieie e 12
Figure 2.1: Principal directions on the NRC Bell-412 helicopter........c.cccccccevvvevviiesnnnnn. 18
Figure 2.2: Airspeed and Altitude vs. Time for the Test Flight.........cccccooiiiiiininnn. 20
Figure 2.3: Bell-412 AIrCIEW SEAL..........eouiiuiiiiriieiieiieiee et 21
Figure 2.4: Accelerometer locations on the pilot and co-pilot............cccccceeiiiiiiiiieinne. 22
Figure 2.5: Instrumentation setup in the NRC Bell-412 helicopter............ccccoevviieinenen. 24
Figure 2.6: 1ISO 2631 Recommended Acceleration Measurements [92] ...........cccccovruenne. 29
Figure 2.7: Pilot helmet vibration in the X-direCtion..........ccccoovvviiiiniiiii e 35
Figure 2.8: Pilot helmet vibration in the Z-direCtion ............ccccovevviieveece e 35
Figure 2.9: Transmission path spectra for the pilot in the Z-Direction ..............ccceeveeee. 37
Figure 2.10: Transmission path spectra for the co-pilot in the Z-Direction ..................... 37
Figure 2.11: Vibration transmissibility for the helmet location in the Z-Direction.......... 39
Figure 3.1: Seat modal test setup on the shaker with the mannequin............cccccccoeeveeee. 46
Figure 3.2: Geometry model for the experimental modal test.............ccccceeveiieiiiieinennn. 47
Figure 3.3: FRFs calculated from the shaker modal tests............ccoovveiiienencnciiiiee, 49
Figure 3.4: Stability diagram generated from the modal test.............cccoeviniiiiienininnne. 50
Figure 3.5: Seat modes Without ManNeqUIN.............ccceevieieiec i 51
Figure 3.6: Seat modes With ManNeqUIN...........ccceeviiieii e 52
Figure 3.7: Hybrid 11l mannequins installed on the shaker ............cccccooeiiniiiiiininne, 54
Figure 3.8: FRFs measured from mannequin head accelerometer in Z-direction ............ 55
Figure 3.9: FRFs measured on the cushion interface in Z-direction...........c.ccccevvvviveenen. 56
Figure 3.10: Lumped parameter model of the seated airCrew ...........cccccceevveivieveeccieennne. 59
Figure 3.11: State Space fOrmMUIALION...........ccoiiiiiiiiiiees s 61
Figure 3.12: Helmet FRF comparison for simulation and flight test.............ccccocvnvnenne. 62
Figure 3.13: Time domain response comparison for simulation and flight test ............... 63



Figure 4.1: Mechanical design of the adaptive helicopter seat mount............cccccccvervennee. 66

Figure 4.2: (a) Interior multilayered stack (b) Selected piezoelectric actuators............... 70
Figure 4.3: Adaptive seat mount integrated on full-scale Bell-412 seat...............cccoee... 71
Figure 4.4: Modes of the Bell-412 seat integrated with active Struts ............ccoccocevvnene. 73
Figure 4.5: Transfer functions from piezoelectric actuator and mechanical shaker ......... 74
Figure 4.6: Adaptive notch controller diagram..........cccocvevviieieeie i 76
Figure 4.7: On-line identification of control path............ccccoiiiiicce 78
Figure 4.8: Compensator for control path identification .............ccccoovieiiniiiiiie, 80
Figure 4.9: Adaptive NOLCh fIItEr.........ccoovvi s 81
Figure 4.10: SIMULINK block model for seat vibration simulation ...............cccccceeveenee. 84
Figure 4.11: Simulation of aircrew helmet vibration in translational flight condition ..... 85
Figure 4.12: LQG compensator with Kalman-filter ...........ccccovviiiiiii 87
Figure 4.13: XxPC Target hardware COMPONENTS ..........cceevueiieieeieiie e 88
Figure 4.14: Vibration control results under sinusoidal harmonic profile...................... 90
Figure 4.15: Vibration control results under combined vibration profile......................... 92
Figure 5.1: Mitigator cushioning structure with interconnected vents ..............ccoccoevvuenne. 99
Figure 5.2: Shaker test setup to extract cushion material properties .............cccecvevveenene. 102
Figure 5.3: Experimental FRF and dynamic model of combined cushion ..................... 104
Figure 5.4: Comparison Mitigator materials using FRF in the Z direction ................... 106
Figure 5.5: Comparison Mitigator materials using FRF in the X direction.................... 106
Figure 5.6: Comparison Sorbothane materials using FRF in the Z direction................. 107
Figure 5.7: Comparison Sorbothane materials using FRF in the X direction................. 108
Figure 5.8: Cushions materials evaluated using flight teSt ...........cccooviiiiiiiiiiis 109

Figure 5.9: Aircrew helmet vibration level for selected cushions at 120 kts condition.. 110
Figure 5.10: Spectra of Pilot cushion in the Z direction for Sorbothane material .......... 112
Figure 5.11: Spectra of Co-Pilot helmet in the Z direction for Sorbothane material...... 113
Figure 5.12: Spectra of Pilot cushion in the Z direction for Mitigator material ............. 117
Figure 5.13: Spectra of Co-Pilot cushion in the Z direction for Mitigator material ....... 117
Figure 5.14: Spectra of Co-Pilot cushion in the X-direction for Mitigator material ...... 118

Figure 5.15: Aircrew helmet vibration with Mitigator urethane for all flight conditions118

Xi



Figure 6.1: Alternate mechanical design of the adaptive seat mount ............c...ccccveeneee. 125
Figure A.1: Vibration Spectra from Run No. 1 for flight condition ground run (1)....... 132
Figure A.2: Vibration Spectra from Run No. 2 for flight condition 25 ft hover (1)....... 133
Figure A.3: Vibration Spectra from Run No. 3 for flight condition trans. lift (1).......... 134
Figure A.4: Vibration Spectra from Run No. 5 for flight condition 60 kts climb (1)..... 135
Figure A.5: Vibration Spectra from Run No. 6 for flight condition 60 kts level (1)...... 136
Figure A.6: Vibration Spectra from Run No. 7 for flight condition 100 kts level (1).... 137
Figure A.7: Vibration Spectra from Run No. 8 for flight condition 120 kts level (1).... 138
Figure A.8: Vibration Spectra from Run No. 9 for flight condition 140 kts descent (1) 139
Figure A.9: Vibration Spectra from Run No. 11 for flight condition 60 kts climb (2)... 140
Figure A.10: Vibration Spectra from Run No. 12 for flight condition 120 kts level (2) 141
Figure A.11: Vibration Spectra from Run No. 13 for flight condition 60 kts level (2).. 142
Figure A.12: Vibration spectra from Run No. 14 for flight condition 100 kts level (2). 143
Figure A.13: Vibration spectra from Run No. 15 for flight condition 140 kts level (1). 144
Figure A.14: Vibration spectra from Run No. 17 for flight condition trans. lift (2)....... 145
Figure A.15: Vibration spectra from Run No. 18 for flight condition 25 ft hover (2) ... 146
Figure A.16: Vibration spectra from Run No. 19 for flight condition ground run (2) ... 147

xii



List of Abbreviations

ACF Actively Controlled Flap

ACSR Active Control of Structural Response
ACT Actively Controlled Tip

AFC Active Fiber Composites

APL Active Pitch Link

ATR Active Twist Rotor

BVI Blade-Vortex-Interaction

DOF Degree-of-Freedom

ER Electrorheological

FE Finite Element

FFT Fast Fourier Transform

FIR Finite Impulse Response

FLMS Filtered-x Least Means Square
FLMS Filtered-x Least Mean Square

FRF Frequency Response Function
HACS Hybrid Air Cushioning System
HHC Higher Harmonic Control

HUD Head-Up Display

IBC Individual Blade Control

ISO International Standard Organization
LMS Least Mean Square

LP Lumped-Parameter

LQG Linear Quadratic Gaussian

LSCF Least-Squares Complex Frequency-Domain
LTI Linear Time Invariant

MAC Modal Assurance Criteria

MB Multi-Body

MFC Macro-Fiber Composites

Xiii



MMIF
MR
MTVV

NVG

PZT
rev
rms
SDOF
SISO
VDV

Multivariant Mode Indicator Function
Magnetorheological

Maximum Transient Vibration Value
Number of blade

Night Vision Goggle

Arbitrary Integer

Lead Zirconate Titanate

revolutions

root mean square

Single Degree-of-Freedom
Single-Input-Single-Output
Vibration Dose Value

Xiv



Chapter 1

Helicopter Aircrew Vibration and Control Approaches

The helicopter has become a versatile mode of aerial transportation primarily due to its
unique capability to take-off and land vertically as well as its ability to hover. These
characteristics of helicopters enable many unique tasks such as rescue operations in
civilian use and reconnaissance in military applications. The use of helicopters has
increased in the last few decades, especially in civilian applications, and this trend is

expected to continue in the future.

1.1 Motivation

Despite these unique abilities, helicopter flights are generally unpleasant for aircrew as
well as passengers due to their exposure to high vibration levels in the cabin. The cabin
vibration is primarily excited by the rotor blade aerodynamic and inertial loads at N/rev
harmonic frequencies. The cabin floor vibration is transmitted through the seat and
exposes the aircrew to whole body vibrations. In the short-term, the mechanical vibration
transmitted to the human body increases fatigue, degrades comfort, interferes with
effective performance, and diminishes operational safety [1]. In addition, the continuous
exposure to repetitive vibrations transferred through the helicopter seats have been
known to cause damaging effects on the spine and neck of the aircrew leading to long-

term occupational health issues [2]. Recent reports of adverse health effects, which



include pilot neck and spine strain injuries due to whole body vibration exposure, have
become a major concern among the rotary aircraft aircrew communities [1,3]. These
vibration induced health issues become more severe when additional instruments, such as
the Head-Up Display (HUD) and Night Vision Goggle (NVG) systems with associated
counter weight, are integrated onto helicopter pilot helmets in military operations. The
inclusion of additional devices such as HUDs and NVGs onto the aircrew helmet under a
high vibratory environment has been suggested as a cause in recent reports of back pain
and neck strain [4,5]. Extended mission durations and back-to-back missions are other
factors that contribute to increased health issues in military helicopter aircrew. For
example, approximately 80% of Canadian helicopter pilots have reported experiencing
neck and back pain related to flying the CH-146 Griffon helicopter, and 70% of pilots
reported experiencing neck pain during actual flights [3]. Similar flying related pain has
also been reported in Swedish (57%) [6] and Australian (29%) [7] militaries.
Unfortunately, these health problems reported by the Canadian CH-146 helicopter crew
lead to temporary loss of flight status that affect aircrew availability for missions and in
some extreme cases lead to permanent disability claims that require costly training of
new aircrew while causing substantial expense to the health care system [8]. Therefore,
the reduction of vibration levels experienced by the helicopter aircrew is essential to
enhance the ride quality of the vehicle and to mitigate health problems of the rotary wing
community.

An immediate and viable approach to reduce vibration transmitted to helicopters
aircrew and passengers is through advanced seat designs. In general, helicopter seat
structures are required to meet both crashworthy criteria and vibration isolation
performance in accordance to MIL standards [9,10]. For current helicopter seat designs,
the primary vibration isolation is provided passively through the use of seat cushions.
Unfortunately, the impedance properties of the seat cushions are difficult to optimize
without compromising pilot handling quality as well as seat comfort. Varied aircrew
weight and continuously changing flight conditions also impose practical limitations on
the selection of helicopter seat cushion properties and characteristics. Therefore, most

seat cushions are designed to be relatively firm in order to avoid excessive displacement



during flight manoeuvres and therefore the vibration isolation performance may be
relatively poor, especially in the low frequency regime.

A novel hybrid helicopter seat that includes an adaptive seat mount approach and
novel energy absorbing cushion materials are investigated in this study to reduce the
vibration effects of the aircrew. The adaptive seat mount design incorporate novel
piezoelectric actuators controlled using a real-time control algorithm to counteract
transmission of seat vibration to the aircrew. In addition, this investigation also evaluated
the use of novel energy absorbing cushion material as a low cost, near term, solution to
improve aircrew vibration exposure. Although seat structures in helicopters are
considered to be an essential part of the crash safety system, these approaches are
considered to provide viable solutions to mitigate aircrew vibration because the
certification requirements for seats are significantly less stringent than flight critical
components such as helicopter blades. Therefore, these hybrid vibration suppression
approaches based on novel active and passive methodologies for the helicopter seat
application were developed in this study and their effectiveness was evaluated using full-

scale system implementation under representative vibratory conditions.

1.2 Background in Helicopter Vibration Control

High levels of structural vibration due to unsteady aerodynamics and inertial loads in the
rotor blade environment are a notable and undesirable characteristic of helicopters [11].
The most important sources that contribute to the vibration in a helicopter airframe are
the main rotor hub reactions that corresponds to the harmonics of the blade passage
frequency induced by the inertial loads as well as aerodynamic loads due to phenomena
such as blade-vortex-interaction (BVI) and dynamics blade stall, et cetera as illustrated in
Figure 1.1. The rotor vibration energy transferred throughout the helicopter structure
may not only lead to fatigue damage of expensive components and higher maintenance
costs but also may create a severe environment for passengers and aircrew. In order to

reduce vibration in helicopters, the helicopter industry as well as the rotor dynamic



research community has worked diligently in order to overcome undesired vibrations in

helicopters using both passive as well as active vibration control approaches.

Centrip ugaj

Inertial

Figure 1.1: Sources of helicopter rotor vibration

1.2.1 Passive Vibration Control for Helicopters

A variety of passive vibration absorbers and isolators have been applied in helicopters to
reduce structural vibration and noise. Passive control devices provide a moderate
reduction in vibration with no risk of instability and lower complexity, compared to
active devices [12]. Passive devices are used in many operational helicopters by tuning
them to filter out specific disturbance frequencies. Most passive approaches are used in
the helicopter cabin such as the seat cushions and trim panels, but a few studies have
investigated the use of passive devices on the rotor blades themselves [13]. For example,
pendulum absorbers can be mounted at the root of the blade to create a node at a given
frequency. Significant reductions in the amplitude of specific vibratory frequencies have
been achieved with such systems [14]. Isolation systems can also be implemented
between the fuselage and the drive unit and the rotor [15].

In general, passive approaches designed for high vibration reduction performance
results in undesirable weight penalties for helicopter application. One of the main



disadvantages of using passive dampers to reduce vibration in helicopters is that passive
devices are generally tuned to a specific frequency. Due to the fact that helicopter
vibration consists of wider spectrum of frequencies, including many harmonics of the
primary rotor vibration, passive vibration isolation or passive damping only have limited
success [16]. Therefore more complex active vibration control approaches are currently
being investigated and implemented as a means of reducing vibration in helicopter flight.
The most commonly used active vibration reduction strategies for helicopters include
active rotor control to achieve global reduction and Active Control of Structural
Response (ACSR) for local vibration reduction targeted at critical areas or specific

components.

1.2.2 Active Rotor Control for Helicopters

Active rotor control concepts have been investigated in the past as means of reducing
vibration in helicopters but few have been implemented. Due to the stochastic nature of
the rotor dynamics in flight and broadband of rotor harmonics, the active feedback
control using actuators would lead to greater performance benefits in comparison to
passive approaches [17]. Although active control systems can be very effective in
reducing helicopter vibration, many of the active vibration reduction techniques have
never been applied to production helicopters for several reasons, with the primary reason
being ensuring the safety of the vehicle due to modifications required for flight critical
components. Active systems that utilize the primary flight control system of the
helicopter such as the pitch links or swash plate for vibration reduction purposes are
required to achieve stringent airworthiness certification criteria. In addition, active rotor
concepts require electrical or hydraulic slip rings susceptible to failure and require
significant amounts of power to drive the actuators located on the rotor. Additional
drawbacks include the requirement of high force actuation, a significant weight penalty
and stability issues pertaining to the rotor system. In general, active rotor control
approaches have been investigated based on two overall concepts, namely, Higher
Harmonic Control (HHC) and Individual Blade Control (IBC).



HHC Actuators

Figure 1.2: Schematic of a Higher Harmonic Control (HHC) system

In HHC, the whole rotor system comprising all of the blades is treated as the
source of vibration and the feedback control inputs are applied to the whole system
through the swash plate as shown in Figure 1.2. One of the earliest studies in HHC was
performed by Kaman with Controllable Twist Rotor where a training edge servo-flap was
used for controlling the dynamic behavior of the rotor system [18]. Full-scale wind
tunnel tests of this rotor by Lemnios and McCloud showed that a mechanically controlled
servo-flap in combination with a torsionally soft rotor blade could be used to redistribute
the lift on the rotor disk through HHC [19]. HHC using swash plate control of blade
pitch was applied by Shaw in a comprehensive wind tunnel study of a 1/6 Mach-scale
CH-47D rotor [20]. Nguyen and Chopra performed an analytical study of the same rotor
and confirmed these results [21]. A full-scale flight demonstration of the HHC system
was carried out on a modified Sikorsky S-76A helicopter [22]. It is important to note that
the HHC concept results in a rigid-body pitch actuation of the whole rotor system through
the swash plate to reduce vibration in helicopters.

In contrast to HHC, the IBC concept treats each rotor blade as a source of
vibration and independent feedback control input is applied to each of the rotor blades
[23]. There are many advantages of placing actuators closer to the source of vibration at
the blade. These advantages include improved vibration control, higher noise reduction,
more degrees of freedom, et cetera. Furthermore, the blade mounted actuators dedicated
for vibration control would not be considered a flight critical system and thus the failure
of actuators would not lead to safety of flight issues. The significant advantages of

mounting the actuators directly on the blades has lead to in-depth studies of various



actuator types that could be used to implement the IBC concept. For example, IBC
approaches have been investigated to actively control the blade pitch links (APL), trailing
edge active control flap (ACF), or active twist rotor (ATR) for blade twist control for
vibration reduction as shown in Figure 1.3. These actuators must provide sufficient
authority to apply the desired control while meeting inertial and geometric constraints of
the rotor blade.

IBC concepts using the APL approach were implemented using electromagnetic
or hydraulic actuators connecting blade and swash plate, replacing conventional pitch
links [24]. A full-scale IBC system using blade pitch control was demonstrated in the
NASA Ames 40-ft by 80-ft Wind Tunnel by Jacklin et al. using a 4-bladed BO-105
hingeless rotor [25]. In addition, several flight tests of the APL system for vibration
reduction have been conducted successfully in the past [26,27]. Recently, an APL with
semi-active impedance control system to control the blade torsional stiffness has also
been investigated by Nitzsche et al [28,29]. The mechanical impedance properties of the
pitch link are actively controlled through a device known as the Smart Spring [30,31].
The performance of APL has also been demonstrated under centrifugal loads to reduce
vibration in whirl tower rotor tests [32].

The most popular IBC approach is the trailing edge ACF that has been pursued by
several research teams [33,34,35,36]. This approach uses a small flap on each blade to
generate controlled aerodynamic loads for vibration reduction. The location and size of
the flaps can be chosen optimally to increase the efficiency of the flap system while the
failure of the ACF does not compromise the primary flight control system of the

helicopter. Although many types of actuation mechanisms have been employed in the

IBC Actuators

Figure 1.3: Schematic of Individual Blade Control (IBC) system
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past, the use of novel smart materials actuators such as piezoelectric actuators [37,38,39]
and magnetostrictive actuators [40,41,42] have enhanced the practicality of the ACF
approach for helicopter application. The vibration suppression performance of the ACF
for helicopter application has been demonstrated in wind tunnel tests [43,44] and a blade
integrated with an ACF was flown by Eurocopter recently [45]. Although the ACF
approach offers excellent promise for vibration reduction, many practical issues such as
the transfer of power to the rotating blade is a challenge for the flap system
implementation. In addition, the actuator needs to be sufficiently powerful to provide the
required control while small enough to be integrated within the blade cavity.
Furthermore, complex flap to actuator linkage requires smooth operation under the high
centrifugal loading of the blade.

ATR is another IBC approach that actively twists the blade using distributed
conformable smart material embedded in the blade to alleviate the unsteady aerodynamic
loads to achieve vibration reduction. The ATR concept has been investigated by using
conformable smart materials, such as Active Fiber Composites (AFC) [46,47] and
Macro-Fiber Composites (MFC) [48] which uses piezoelectric material for actuation.
Extensive electromechanical material characterization has been performed to evaluate
AFCs and MFCs both as actuators and as structural component of the blade [49,50]. One
of the advantages is the simplicity of its actuation mechanism compared to actuation of
the ACF located at the trailing edge. The ATR concept has merit in that it does not
increase the profile drag of the blade as does the discrete ACF. Although the ATR
technology produces significant vibration reduction, the power required for vibration
reduction is expected to be higher than that for ACF [51]. Wilbur et al. tested a prototype
active-twist blade in the hover condition at the NASA Langley Research Center to
demonstrate the vibration suppression performance and endurance characteristics of the
prototype blade [52]. Shin and Cesnik established the performance of the active twist
blade under forward flight conditions [53]. Similar investigations in the ATR concepts
using embedded piezoceramic elements have been conducted by a number of research
teams [54,55]. Although investigations have shown that ATR technology is able to

produce significant reduction in vibration in helicopters, the challenge common to other



IBC approaches, specifically that of the transfer of power to the rotating blades through
slip rings remains a major impediment to the practical implementation in production

vehicles.

1.2.3 Active Control of Structural Response (ACSR)

Recent research efforts in helicopter vibration control not only focused on the global
vibration reduction but also on the local vibration reduction that targets specific locations
in the structure. Although it is highly desirable to reduce the unsteady aerodynamic loads
from the rotor blades in order to achieve a global suppression of helicopter vibration
levels, the successful applications on full-scale vehicles are limited due to lack of high
efficiency actuators, heavy weight penalties, system complexities and stringent
certification requirements for flight critical components. An alternate approach which is
known as ACSR, employs one or more active devices to suppress vibration locally.
Unlike the HHC and IBC concepts which are intended for global vibration reduction
through the active control of the rotor system, the ACSR approach is designed to
attenuate the vibration in specific locations such as the cabin or the aircrew seat. ACSR
is one of the most successful vibration reduction methods that has been used in
helicopters at the present time. ACSR systems include vibration sensors that are placed
at key locations to monitor vibration and an efficient controller with a suitable control
algorithm to calculate proper actions for actuators to reduce the vibration at a particular
location of the helicopter. Actions determined by the controller are fed to appropriate
actuators, located optimally to provide the desired actuation forces. Comprehensive
investigations of various ACSR approaches have been conducted through analytical
studies as well as experimental tests. For example, Chui and Friedmann conducted an
analytical investigation of helicopter vibration reduction using the ACSR technique [56].
The results showed substantial reduction in the fuselage vibration using an ACSR system
with 4 force actuators used to mount the rotor assembly into the fuselage [57].
Furthermore, flight tests have also been conducted to demonstrate the effectiveness of the
ACSR systems on a Westland 30 helicopter [58] and an UH-60 Black Hawk helicopter
[59]. In addition, Welsh et al. modified a Sikorsky S-76B helicopter with 4 servo force



actuators and 10 accelerometers monitoring airframe vibrations to demonstrate that an
ACSR system was effective in reducing airframe vibration under varying rotor speed
[60]. Successful integration of ACSR technology has allowed the helicopter industry to
incorporate ACSR systems in modern production helicopters such as the Westland
EH101 [61] and the Sikorsky S-92 Helibus [62].

Although the ACSR systems provide a viable solution for helicopter vibration
reduction, these systems generally require high power for effective performance. In
addition to the actuators, sensor and controller weight, the weight penalty is also
increased because the actuation locations have to be designed specially to accommodate

large forces without compromising structural integrity.

1.3 Adaptive Helicopter Seat Mounts

The adaptive helicopter seat mount is a subset of the ACSR specifically designed for seat
structures to reduce vibration transmitted to the helicopter aircrew and passengers while
avoiding excessive weight penalty and power requirements. Traditionally, helicopter
seats are designed primarily to meet crashworthy criteria while vibration isolation is
achieved passively through the seat cushions. However, the impedance properties of the
conventional passive seat cushion materials are difficult to optimize without
compromising pilot handling qualities and seat comfort. Most seat cushions are designed
to be relatively firm to avoid excessive displacement during flight manoeuvres. Varying
pilot weight and flight configurations also impose compromises in the design of
helicopter seat cushions. As a direct approach with near-term implementation horizon to
reduce vibration transmitted to helicopter aircrew, many researchers have been motivated
to investigate innovative seat mount designs and suspensions systems to improve

vibration suppression performance.

1.3.1 Current State of Adaptive Seat Mount Developments

In contrast to passive cushions, an adaptive seat mount is able to overcome the variation

in vibratory frequencies due to changes in aircrew size and flight configuration through
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embedded adaptive control systems. Moreover, adaptive seat mount systems do not
require significant changes to helicopter structures or modifications to the rotor and flight
control systems. Therefore, the adaptive seat mount approach offers a viable solution to
reduce the harmful effects of vibration on helicopter aircrew health over broad operating
conditions. Adaptive seat mount concepts have been investigated using both active
approaches that counteract vibration using actuators as well as semi-active strategies that
modify structural properties, such as stiffness or damping to achieve vibration reduction.
Several seat adaptive seat mounts that employ semi-active approaches such as
magnetorheological (MR) and electrorheological (ER) dampers have been investigated
for heavy industrial vehicles [63,64]. Choi et al. investigated seat vibration reduction
systems using skyhook and sliding mode control algorithms with both ER and MR
dampers for a commercial vehicle [65,66]. Wu and Griffin studied several semi-active
control algorithms to reduce seat vibration using suspension systems to demonstrate that
a compromise can be made between vibration isolation and end-stop impact reduction
[67]. Recently, Choi and Wereley analytically evaluated the response of the seated
human occupant controlled through a MR damping mechanism integrated on to a
rotorcraft seat [68]. Heimenz et al. demonstrated that the semi-active MR damper based
suspension system for helicopter seat showed significantly better vibration attenuation
performance than passive seat suspensions [69,70]. An advantage of semi-active systems
is that they require less power when compared to active systems. In addition, they are
relatively reliable and fail-safe for practical implementation. However, the vibration
suppression performance of semi-active approaches is generally more modest when

compared to active concepts.

1.3.2 Active Control Technology for Adaptive Seat Mounts

An active system with actuators controlled by a real-time control algorithm applied as an
adaptive helicopter seat mount is able to exploit its characteristics to counteract vibration
under varying conditions such as aircrew weight, flight condition et cetera. Compared to
vibration suppression performance of semi-active approaches, the active control concepts

are generally superior in counteractive forced vibrations such as N/rev harmonics
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vibration excitation of helicopter seats. In addition, active control systems are able to
operate effectively in a wide range of frequencies in a controlled manner to optimize
system performance. In principle, the power required for the seat application is expected
to be significantly less compared to cabin ACSR systems due to lower vibration
excitation levels and the application is localized only to the seat structure. Moreover,
adaptive seat mount systems do not require significant modifications to helicopter critical
structural components such as the rotor blades or the flight control systems. It is
important to note that studies that apply active control approaches specifically to
helicopter seats to reduce vibration experienced by the aircrew could not be found in the
literature. Therefore, this novel adaptive seat mount concept based on active control
technology offers a viable solution to reduce the harmful vibration effects of helicopter
aircrew health over broad operating conditions.

Aircrew yibra';ion
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Figure 1.4: Hybrid helicopter seat design

1.4 Objectives of the Thesis

In this research study, both active and passive approaches are being investigated for the

helicopter seat application to suppress the vibration transmitted to the aircrew as
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illustrated in Figure 1.4. This study is primarily focused on developing a novel adaptive
seat mount system based on active vibration control technology to counteract vibrations
in the high frequency regime. In addition, this study also evaluates the use of novel
energy absorbing material for low frequency vibration suppression. Passive approaches
are generally more advantageous in the low frequency regimes while the performance of
active approaches is superior at higher frequencies. Therefore, this novel hybrid seat
system with active and passive approaches offers a viable solution to reduce the harmful
vibration effects on helicopter aircrew health over a wide range of frequencies due to
broad operating conditions.

The objective of this thesis is to develop a novel hybrid helicopter seat that includes
passive energy absorbing cushion materials as well as an adaptive seat mount approach
based on active control technology to suppress transmission of vibration to the aircrew.
The effectiveness of the hybrid vibration suppression approaches were evaluated using
full-scale hardware under representative vibratory conditions. In particular, the hybrid
seat was designed for retrofit into the Bell-412 helicopter to mitigate the transmission of
vibration to the aircrew. The Bell-412 helicopter is the civilian version of the CH-146
aircraft used by the Canadian military that has been reported by the aircrew to cause pain
and injuries. These objectives of the thesis are achieved by:

1. Performing vibration measurements of helicopter aircrew as well as the helicopter
structure under representative flight conditions to determine the characteristics of
the aircrew vibration profile.

2. Performing experimental modal tests to extract the dynamic characteristics of the
seated aircrew through shaker tests to develop an efficient biodynamic model for
vibration simulation.

3. Developing a validated lumped parameter based biodynamic model of the seated
aircrew to efficiently evaluate the effectiveness of various seat design options as
well as cushion materials to mitigate vibration transmission to helicopter aircrew.

4. Developing a suitable hardware system using active material actuator
technologies to retrofit a full-scale helicopter seat to counteract the vibration

transmitted to the aircrew.
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5. Implementing a real-time control algorithm to adaptively control the piezoelectric
actuators integrated with the seat structure to suppress the helicopter vibration
transmitted through the seat.

6. Performing laboratory tests to demonstrate the effectiveness of the novel adaptive
seat mount system implemented on full-scale helicopter seat hardware under
representative helicopter vibratory environment.

7. Investigating novel energy absorbing cushion materials for low frequency
vibration reduction for seat application and performing flight tests to verify the

vibration suppression performance of selected cushion materials.

1.5 Original Contributions

This research represents the first known investigation of an adaptive mount system based
on active control technology on full-scale helicopter seats to suppress aircrew vibration.
In addition, unique flight tests were performed to acquire vibration data from aircrew
under typical flight conditions and evaluate novel energy absorbing cushion material. As
such, there are a number of original contributions generated during this research study in
the development of a full-scale hybrid helicopter seat integrated with passive and active
approaches to mitigate aircrew vibration as follows:

1. Characterize helicopter aircrew vibration profile using flight tests conducted on a
Bell-412 helicopter. Although vibration data on helicopter structures, such as
floor and seat, have been published previously, vibration data on aircrew cannot
be found in published literature. Therefore, a unique flight test was performed to
acquire vibration data from helicopter aircrew under typical flight conditions.

2. Develop a lumped parameter based biodynamic model of the seated aircrew to
efficiently evaluate the effectiveness of various seat design options to mitigate
vibration transmission to helicopter aircrew through dynamic simulations. The
uniqueness of this model was that the cushion and seat frame dynamics were
separated to independently evaluate the effect of cushion properties on aircrew

vibration.
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3. Develop an adaptive seat mount based on active control approaches using
stacked piezoelectric material actuators controlled by a real-time control
algorithm to mitigate vibration transmitted to the aircrew. Although semi-active
approaches have been used previously for helicopter seat applications, the use of
piezoelectric actuator based active control technology for helicopter seat
application could not be found in published literature.

4. Implementation of the FLMS feed-forward control algorithm based on adaptive
notch filters suppress forced vibration frequencies as well as a robust feedback
control law simultaneously on a full-scale helicopter seat structure. The vibration
suppression performance of the adaptive seat mount performed using a shaker
showed viability of the proposed approach for aircrew vibration reduction under
representative helicopter vibratory environment.

5. Investigation of novel energy absorbing cushion material for low frequency
vibration reduction through Bell-412 helicopter flight tests. Selected novel
cushion materials showed appreciable suppression of aircrew vibration without
significant modifications to the seat. It is recommended to pursue the retrofit
integration of these novel cushions to current helicopter seats as a low cost

solution that only requires minimum certification effort.

It is important to note that the progress of this research work has been published
during the course of the work in several international conferences and these presentations
have been well received by the technical audience [71,72,73,74,75]. More importantly,
significant outcomes of this study have already been published in a number of prominent
peer reviewed journals in the field of aircraft vibration control, which verifies the
originality of the research by the broader scientific community [76,77,78,79]. In
addition, a number of these publications have been cited by over 10 technical papers
authored by several prominent researchers across the world [80,81,82,83,84,85]. This
attests not only to the originality of the findings of thus research but also signifies the
importance of this type of investigation to identify solutions to mitigate adverse health

effects in helicopter aircrew due to exposure to high levels of vibration.
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1.6 Organization of the Thesis

Chapter 1 presents the motivation for this research and a brief background on need for
helicopter seat vibration control. It included a detailed background regarding the need to
reduce vibration exposure on helicopter aircrew and various approaches studied as
potential solutions for vibration control in helicopters. The significance of the thesis,
objectives and the main contributions are given in the present chapter.

Chapter 2 provides details of the flight test performed to characterize the vibration
spectra of the aircrew under representative helicopter flight conditions. Characteristics of
the aircrew vibration are required to develop an effective adaptive seat mount to mitigate
vibration transmitted through the seat. It describes the flight test methodology, the data
acquisition system, the data analysis technique and discusses significance of the
measured aircrew vibration data from the flight test.

Chapter 3 discusses comprehensive biodynamic modeling effort that included a variety of
techniques to characterize structural dynamics of the seated aircrew. This included base
excited modal test using mechanical shaker tests to extract modal parameters of the seat
with a strapped mannequin. Extracted parameters are used to develop a detailed lumped
parameter model for vibration simulation.

Chapter 4 describes the comprehensive design methodology used to develop an adaptive
seat mount system using piezoceramic actuators and a real-time control algorithm. It
includes actuator selection, full-scale hardware integration, adaptive controller design,
real-time control system implementation and performance verification of the adaptive
seat mount using representative helicopter vibration using a mechanical shaker excitation.
Chapter 5 provides details of the novel energy absorbing cushion material selection
process perused for low frequency vibration reduction. It provides the details of the
flight test performed to verify the effectiveness of novel cushion materials for helicopter
seat application and highlights the necessity to pursue the use of passive cushions as a
near-term solution for aircrew vibration suppression.

Chapter 6 concludes by summarizing the results of this research effort and provides

recommendations for future work.
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Chapter 2

Flight Tests to Characterize Helicopter Aircrew Vibration

As a pre-requisite to develop an effective adaptive seat mount to mitigate vibration
transmitted through the seat, it was necessary to identify the vibration spectra of the
aircrew under representative helicopter flight conditions. Although some structural
vibration data of the Bell-412 helicopter is available in the published literature, aircrew
vibration data is not available. Therefore, a flight test was conducted to acquire the
aircrew and structural vibration data using the NRC Bell-412 aircraft under representative
flight conditions. This chapter describes the flight test methodology and analyses of the
data in both the time and frequency domain. In addition, the aircrew vibration
environment was assessed based on commonly used and accepted evaluation standards to

rate comfort, health and perception.

2.1 Helicopter Seat Vibration

In general, vibration in the helicopter cabin is dominated by the vibration that originates
from the main rotor [86]. Therefore, it was expected that the vibration of the seat as well
as that experienced by the aircrew will also be dominated by the main rotor vibration.
Most of the aerodynamic vibratory loads produced by the rotor system are cancelled at
the hub, except for their PN/rev and PN+1/rev harmonics, where P is an arbitrary integer

and N is the number of blades [87]. In addition, the imbalance characteristics of the
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blade generates 1/rev excitation on the hub. Due to the inherent coupling between the
rotor system and the airframe, vibratory hub loads are transferred throughout the
helicopter structure. For the Bell-412 helicopter, which has a 4 bladed rotor system, the
4/rev frequency is approximately 21.6 Hz and the 1/rev frequency is approximately 5.4
Hz. In order to acquire the relevant vibration data from the aircrew, a flight test
methodology was formulated in collaboration with the aircrew, aircraft technicians and
airworthiness certification personnel at NRC. The collaborative effort of the multiple
stake holders resulted in a detailed flight test plan as discussed below.

2.2 Flight Test Plan

A comprehensive flight test plan was developed to acquire aircrew vibration data at
representative flight conditions while minimizing the flight test time and reducing the
flight certification burden due to the addition of test instrumentation in the aircraft [88].
Reduction of flight test time was important in order to reduce the overall cost of the
operation, including fuel and aircrew labour costs. In addition, test instrumentation that
requires integration into the aircraft must be selected carefully to avoid unnecessary

delays in obtaining the airworthiness certification for the modified test aircraft.

Figure 2.1: Principal directions on the NRC Bell-412 helicopter
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2.2.1 Flight Test Helicopter

The Bell-412 helicopter operated by the NRC, shown in Figure 2.1, was selected as the
flight test aircraft. The Bell-412 helicopter was selected primarily because it is the
civilian version of the CH-146 aircraft used by the Canadian military which has been the
subject of reported injuries, pain and discomfort by the aircrew. The Bell-412 is a utility
helicopter with a four bladed main rotor system manufactured by Bell Helicopter Textron
Canada Inc at its Mirabel plant. The general characteristics and performance
specification of the Bell-412 are identified below [89].

General characteristics
Crew: 1-2 pilots
Capacity: up to 13 passengers
Length: 17.1m
Rotor diameter: 14.0 m
Empty weight: 3,079 kg
Maximum takeoff weight: 5,397 kg
Power plant: Two Pratt & Whitney Canada PT6T-3BE turboshafts engine

Performance
Maximum speed: 259 km/h (140 kts)
Cruise speed: 226 km/h (122 kts)
Range: 745 km (402 nmi)
Service ceiling: 6,096 m

The NRC Bell-412 used for the flight tests is configured as a research aircraft
employed in projects on airborne simulation, handling qualities, advanced controls, active
controls and pilot-vehicle interfaces. It has been outfitted with advanced technology that
makes it an ideal platform to perform research in a variety of areas such as digital fly-by-
wire control systems, precise guidance and navigation, advanced pilot-vehicle interfaces

such as smart displays, helmet-mounted displays et cetera. This NRC Bell-412 helicopter
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is flown under an experimental airworthiness certification which allows airworthiness
personnel at NRC rather than Transport Canada to approve modification to the aircraft,

saving significant time and avoiding cumbersome bureaucracy for researchers.
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Figure 2.2: Airspeed and Altitude vs. Time for the Test Flight

2.2.2 Flight Profile

The flight plan included a wide range of flight conditions such as ground, hover,
translational lift, forward flight at 60 kts, 120 kts and 140 kts, in order to identify the
variation in the vibration profiles during a typical flight. The cruise condition for the
Bell-412 helicopter is 120 kts, while 140 kts was achieved through a sharp dive. A
minimum of two data points were taken for each flight condition to verify repeatability.

Each data point lasted 1 minute while the aircraft maintained the specified flight
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condition. The test flight was conducted on November 27, 2007 and vibration data from
all flight conditions were acquired successfully. The airspeed and altitude attained during

the test are shown in Figure 2.2. In general, the wind speed was 8 kts from 290 degrees.
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Figure 2.3: Bell-412 aircrew seat

2.2.3 Aircrew Seat

The standard Bell-412 non-armoured energy absorption seat shown in Figure 2.3 was
used during the flight tests. This seat is composed of a pan made out of stiff composite
material that slides on guide rails of the L shaped frame installed to the helicopter floor.
The cushions at the bottom and the back that interface with the aircrew are installed to the
seat pan. The seat is attached to the frame through the cylindrical crash resistant
mechanism located in the center rear of the seat. The loads generated from the seat are
transferred to the frame through a shear pin located on the top of the energy absorption
tube. The shear pin was pre-engineered with a notch and the pin is expected to break in
the case of a crash, allowing the seat base and pilot to slide downwards along the guide
rails. The crushing materials installed inside the crash resistant mechanism was designed
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Figure 2.4: Accelerometer locations on the pilot and co-pilot

to absorb the crash impact energy and provide the required impact protection to the
aircrew. Two seats were installed for both the pilot location on the right side and the co-
pilot location on the left side of the aircraft. Each seat weighed approximately 50 Ibs.
The test pilot represented a 50" percentile adult male and the co-pilot represented a 95"

percentile adult male in terms of height and weight.

2.2.4 Instrumentation Setup

The NRC Bell-412 helicopter is a specially configured test helicopter integrated with
various flight sensors and an onboard data acquisition system. To characterize the
aircrew vibration during flight, it was important to identify the vibration profile along the
transmission path from the helicopter floor to the helmet while the pilot is seated. Both
pilot as well as co-pilot locations were instrumented with accelerometers to measure the
vibration experienced by the aircrew during the flight. Therefore, several measurement
locations were selected on the aircrew, in addition to locations on the fuselage and the

seat structure. Locations of accelerometers, namely, floor under the seat, bottom of the
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seat, top of the cushion, shoulder and helmet, are shown in Figure 2.4. In addition, one

accelerometer was installed on the top of the instrument panel.

Table 2.1: Information of accelerometers used in the flight test

Channel Location Accelerometer Serial Sensor Installed
No Name Model No Sensitivity Direction
1 Pilot Helmet PCB 357C10 8704 1.79pClg z
2 Pilot Shoulder PCB 357C10 5563 1.48pClg z
3 Pilot Cushion PCB 357C10 6786 1.63pClg z
4 Pilot Seat PCB 357C10 6787 1.54pClg z
5 Pilot Floor PCB 357C10 8701 1.67pClg z
6 Pilot Helmet PCB 357C10 11668 1.55pClg X
7 Pilot Helmet PCB 357C10 8691 1.80pC/g Y
8 Pilot Seat PCB 357C10 11846 1.40pClg X
9 Pilot Seat PCB 357C10 11669 1.61pClg Y
10 Pilot Floor PCB 357C10 12061 1.46pClg X
11 Pilot Floor PCB 357C10 8694 1.85pClg Y
12 Instrument Panel PCB 357C10 8697 1.63pClg z
13 Co-Pilot Helmet PCB 352C22 58327 9.20mV/g z
14 Co-Pilot Shoulder PCB 352C22 58328 9.17mV/g z
15 Co-Pilot Cushion PCB 352C22 58325 8.77TmV/g z
16 Co-Pilot Seat PCB 352C22 58326 8.75mV/g Z
17 Co-Pilot Floor PCB 352C22 39250 9.41mVl/g Z
18 Co-Pilot Helmet PCB 352C22 88189 10.00mV/g X
19 Co-Pilot Seat PCB 352C22 88190 10.17mv/g X
20 Co-Pilot Floor PCB 352C22 88191 9.62mV/g X

The principal axis directions in the helicopter selected for the test are shown in
Figure 2.1. The floor, seat and the helmet locations for the pilot included accelerometers
in all 3 directions while those locations for the co-pilot measured only in X & Z
directions. The vibration at the remaining locations was measured only in the Z
direction. The vibration response at the selected locations and directions was measured
using 20 high sensitivity miniature accelerometers. Accelerometers installed on the
structure were bonded with epoxy while the accelerometers that were placed on the

aircrew were affixed with wax to facilitate ease of removal. It is a flight safety
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requirement to ensure that instrumentation such as accelerometers placed on the aircrew
can be removed easily during any emergencies. The high sensitivity of the
accelerometers was ideal to obtain good signal-to-noise ratio measurements even when
the response amplitudes were relatively low in the presence of relatively high background
noise that exists in the environment. Details of the accelerometers used for the test is
shown in Table 2.1. Prior to the flight test, all the accelerometers were calibrated with a

B & K 4294 Exciter to verify accuracy and ensure reliability.

Laptop Computer

Data Acquisition System

Charge Amplifiers

Instrumentation Rack

Flight Engineer’s Seat

Helicopter Floor

Figure 2.5: Instrumentation setup in the NRC Bell-412 helicopter

The LMS SCADAS 305 mobile front-end data acquisition system was configured
for simultaneous data recording of the 20 accelerometer channels during the flight test
[90]. All PCB 352C22 accelerometers were connected directly to the signal conditioning
cards of the LMS data acquisition system, while each of the PCB 357C10 charge type
accelerometers were connected through a B & K 2635 model charge amplifiers prior to
signal acquisition. The data acquisition hardware, charge amplifiers as well as the laptop
computer used for data recording were installed in the aircraft rack designated for
research equipment. The instrumentation setup in the NRC Bell-412 aircraft cabin is

shown in Figure 2.5. Once all the instrumentation was installed, airworthiness personnel
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approved the installation of non-standard equipment in the aircraft based on established
safety and operational regulations. The sampling frequency of 2 kHz was used in the
data acquisition system, which is approximately 10 times above the maximum frequency
of interest in order to ensure the high quality of the acquired data. The time domain data
were recorded digitally and simultaneously analyzed in the frequency domain to reveal
the real-time vibration spectrum from each accelerometer using the onboard laptop
computer. For each flight condition, the vibration data recorder was switched on
manually by the test engineer once the pilot verified that the aircraft as well as the
aircrew were at the pre-determined test condition.

The commercially available LMS Test.Lab Spectral Testing software package
was used to record the data on the laptop [91]. The Flat-Top windowing function was
used for the Fast Fourier Transform (FFT) to obtain accurate amplitude from the
sinusoidal content in the recorded signal. This windowing function was applied to each
data block used for the FFT calculation to avoid discontinuities, which resulted in better
spectral resolution. In addition, a frequency resolution of 0.25 Hz was selected for the
data analysis in order to accurately estimate the peak acceleration at each rotor harmonic.
To reduce the noise in the measured data, 15 linear averages were taken during each test

run which lasted only 1 minute.

2.3 Flight Test Results and Discussions

The flight test was conducted successfully using the NRC Bell-412 helicopter and the
vibration data were recorded for a number of typical flight conditions. The flight test
demonstrated that the helicopter aircrew were exposed to high levels of whole body
vibration during flight. The overall vibration levels measured in the time domain were
used to identify the level of comfort based on a commonly used comfort metric identified
in 1ISO 2631 standard [92]. In addition, vibration data was analyzed in the frequency
domain to determine the vibratory spectrum in order to design the adaptive seat mount to
counteract the critical modes of vibration. Details of the analyses performed on the

vibration data acquired during the flight test are discussed below.
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Table 2.2: Measured g-rms vibration levels for the pilot locations
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. — sl 2| 8| BE|&| | =] 8| 2| 2| 2
Flight Condition | Run No o 8 8 o o
Ground Run (1) 1 0.04 1 0.05|0.04]0.06 |0.08]0.08(0.05]0.06|0.49]0.14 | 0.09
Ground Run (2) 19 0.0810.06 004009 01 1] 01 [0.07] 01 [048]0.15| 0.1
25 ft Hover (1) 2 0.0510.07 | 0.03 ] 0.06 | 0.08 | 0.13 | 0.07 | 0.07 | 0.38 | 0.13 | 0.09
25 ft Hover (2) 18 0.0410.05|0.05]0.05|0.06|0.11 | 0.06 | 0.05| 0.31] 0.11 | 0.08
Trans. Lift (1) 3 0.0510.06 | 0.04 ] 0.07 | 0.09]0.14 [ 0.09]0.08| 0.3 | 0.14 | 0.09
Trans. Lift (2) 17 0.07 |1 0.05] 0.04 | 0.07 | 0.08 | 0.16 | 0.08 [ 0.08 | 0.3 | 0.13 | 0.08
60 kts Level (1) 6 0.04 |1 0.04 |1 0.03 ] 0.06 | 0.07 | 0.14 | 0.08 | 0.06 | 0.24 | 0.12 | 0.08
60 kts Level (2) 13 0.04 |1 0.04 |1 0.03 ] 0.06 | 0.07 | 0.16 | 0.08 | 0.05 | 0.23 | 0.13 | 0.07
60 kts Climb (1) 5 0.04 1 0.05]0.04]0.05]0.06| 01 |[0.07 006|021 0.1 |0.07
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100 kts Level (1) 7 0.04 1 0.05]0.04]0.07| 01 |0.13|0.13 | 0.07 | 0.49 | 0.17 | 0.13
100 kts Level (2) 14 0.03]0.05]0.04]0.06| 01 [0.15(0.13|0.05|0.49]0.18 | 0.14
120 kts Level (1) 8 0.05]10.05]0.05]0.09|0.14]015(0.18] 0.1 | 0.79 ] 0.25 | 0.19
120 kts Level (2) 12 0.06 | 0.05|0.05]0.09 |0.14]0.16 [ 0.18 ] 0.11 | 0.82 | 0.26 | 0.19
140 kts Desc. (1) 9 0.0910.07]0.08]0.11|0.22]025(023]0.15| 1.2 |0.37|0.26
140 kts Level (1) 15 0.07 1 0.05 | 0.07 ] 0.09 | 0.15] 0.18 | 0.19 ] 0.08 | 0.88 | 0.29 | 0.2

Table 2.3: Measured g-rms vibration levels for the co-pilot locations
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25 ft Hover (2) 18 0.06 | 0.07 | 0.08 | 0.06 | 0.13 ] 0.22 | 0.23 | 0.09 | 0.21
Trans. Lift (1) 3 0.06 [ 0.06 | 0.1 | 0.09]0.15]0.26 | 0.26 | 0.12 | 0.32
Trans. Lift (2) 17 0.08 1 0.07 [ 0.09]10.08 | 0.16 | 0.25 | 0.22 | 0.12 | 0.26
60 kts Level (1) 6 0.07 1 0.06 | 0.07 |1 0.08 | 0.13 ] 0.17| 0.2 | 0.11 | 0.31
60 kts Level (2) 13 0.05]0.05|0.07]1009|014]016| 0.2 |]0.12| 0.3
60 kts Climb (1) 5 0.07 |1 0.07 | 0.08 | 0.07 | 0.12 | 0.23 | 0.22 | 0.09 | 0.19
60 kts Climb (2) 11 0.0510.07 |0.07]0.06|012]021| 0.2 |0.09|0.17
100 kts Level (1) 7 0.0810.06| 0.1 |0.09|0.15]0.18|0.29]0.12 | 0.36
100 kts Level (2) 14 0.08 [ 0.06 | 0.09 1 0.09]0.16 | 0.16 | 0.29 | 0.13 ] 0.38
120 kts Level (1) 8 0.0910.07(013]0.13|0.17]0.24|0.46]0.14 | 0.47
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140 kts Desc. (1) 9 0.11 { 0.06 [ 0.17 1 0.15] 0.25] 0.23 | 0.59 | 0.22 | 0.64
140 kts Level (1) 15 0.1210.07 0141014018 0.26 | 0.49 ] 0.15 | 0.52
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2.3.1 Overall Vibration Level

In the past, a variety of methods have been used to determine the health risk and comfort
of an occupant of a vehicle based on the level of vibration exposure on a variety of
vehicles, including buses, aircraft, as well as cars [93]. The simplest and the most
commonly used method is the root mean square (rms) acceleration because it evaluates
the overall magnitude of vibration with high frequency content. The rms acceleration is
considered as the total energy across the entire frequency range of the vibration input.
The rms value of a signal is defined as the normalized second statistical moment of the

signal or the standard deviation of the signal as shown below.

a= %f(x(t) —%)? dt (2.1)
0

where, T is the length of operating time and x is the mean value of the signal. For

sampled or digitized signals with N samples, rms of the signal is defined as:

1 N-1
a= |— )Y (x(n) —x)? (2.2)
with
1 N-1
X = Nz x(n) (2.3)
n=0

The overall rms acceleration levels measured in g for the pilot and co-pilot
locations for each corresponding flight condition are calculated and shown in Table 2.2
and Table 2.3, respectively. As expected, the helicopter structural vibrations measured in
terms of g-rms increased with forward airspeed. Similarly, the vibration measured on the
aircrew, specifically at the helmet location, also increased with forward speed. In
general, the measured acceleration shows that the floor vibration at the co-pilot’s location

is lower than that of the pilot’s location. However, the helmet vibration measured at the
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co-pilot is greater than the pilot. This variation could be due to the differences in the
aircrew weight, tightness of the safety belt restraint harness, activity and posture. For
example, while the pilot was flying the helicopter with both hands and feet on the
controls, the co-pilot was working on a laptop acquiring data. These differences may
account for the variation in vibration levels measured at the pilot’s and co-pilot’s
locations.

The g-rms values show that the overall vibration levels varied substantially
depending on flight conditions for each measurement location. In order to further
analyze the effect of vibration on the aircrew, 1ISO 2631 was applied to assess the level of

comfort, perception and health risk based on the flight test data.

2.3.2 Vibration Assessment Based on ISO 2631 Standard

The 1SO 2631 standard is the most widely used metric to assess the effect of the whole
body vibration exposure as it pertains to vehicles [94]. In general, the ISO 2631 standard
recommends that the human operator and vehicle interface vibration be measured on
locations and directions shown in Figure 2.6. This standard also specifies a number of
frequency weighting functions to be applied between 0.01 Hz to 80 Hz to acceleration

measurement to account for the human body sensitivity at specific frequencies [92].

e Wk for vertical vibrations, Z-direction

e \Wd for horizontal vibrations, X- and Y-directions
e \Wec for seat back vibration, X-direction

e We for rotational

e Wj for head vibration

e WIf for motion sickness
Details of these weighting functions are available in the ISO 2631 standard [92].

Based on the measured vibration, this standard identifies three different methods to assess

whole-body vibration and evaluate its effects on the operator as described in detail below.
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Figure 2.6: ISO 2631 Recommended Acceleration Measurements [92]

2.3.3 Weighted rms Acceleration Method

Weighted rms acceleration is calculated by multiplying each of the measured acceleration
with the appropriate frequency weighting function specified in the ISO 2631 standard.
The weighted rms calculation method is used to express the acceleration in meters per

second squared (m/s?) for translational vibration.

(2.4)

where, a,, is the frequency weighted acceleration, W; is the weighting factor based on
ISO 2631 standard and a; is the acceleration for the i"" frequency spectrum line. The total

is determined by the vibration measured in the orthogonal directions as follows.

a, = Jk; at+k? ad, + k2 b, (2.5)

where, a,, a,,, a,, are weighted rms accelerations for orthogonal x, y, z axes,
respectively. The multiplying factors are k, =1.4 for health and 1.0 for comfort, k, =1.4

for health and 1.0 for comfort and k, =1.0 for both health and comfort. Based on the rms

29



acceleration, an assessment of the effects of vibration on the level of comfort is provided

in the standard as shown in Table 2.4.

Table 2.4: rms acceleration ranges for level of comfort [92]

Level of Comfort rms acceleration (m/s®)
Not uncomfortable <0.315
A little uncomfortable 0.315-0.63
Fairly uncomfortable 0.5-1
Uncomfortable 0.8-1.6
Very uncomfortable 1.25-2.5
Extremely uncomfortable >2

In addition, ISO 2631 standard stipulates a health guidance criterion indicated as a
“caution zone” for the range of 4-8 hr exposure for weighted rms acceleration levels
between 0.5 m/s* and 1.2 m/s%. It is assumed that exposure to vibrations below the lower
limit of this zone is “safe” while exposure to vibration levels above the upper limit is “not
safe”. The standard also indicates that this basic evaluation method may underestimate
the effects of the vibration if the vibration signal consists of occasional shocks and
harmonics. Therefore, two additional evaluation methods, namely, the maximum
transient vibration value and the vibration dose value have been presented in the I1SO
2631 standard.

2.3.4 Maximum Transient Vibration Value

The maximum transient vibration value (MTVV) is calculated based on the running rms
evaluation method. This is a different method than the basic weighted rms evaluation
method because it takes into account shocks and transient vibration through the use of a

short integration time constant. MTVV is calculated as follows:

MTVV = max % J[aw(t)]2 dt (2.7)

30



where, a,,(t) is the instantaneous frequency-weighted acceleration, t is the integration
time ; t is the integration variable and ¢, is instantaneous time. However, no guidance for
acceptable limits of the MTVV is given in the ISO 2631 standard [95].

2.3.5 Vibration Dose Value

The Vibration Dose Value (VDV) method is more sensitive to peaks than the rms or
MTVV methods by using the fourth power instead of the second power of the
acceleration time history as the basic for averaging. The VDV is expressed in meters per

1.75

second to the power 1.75 (m/s~™) to evaluate human perception to vibration and it is

calculated as follows:

1/4

VDV = f [a,, (D)]* dt (2.7)
0

where, a,, (t) is the instantaneous frequency-weighted acceleration, T is the duration of
the measurement and t is the integration variable.

Although ISO 2631 does not provide references to levels of perception ranges
based on VDV, recent research has suggested ranges for the VDV measurements be
based on level of perception as shown in Table 2.5 [96]. These levels of perception were
used to determine aircrew perception based on the VDV calculated for the flight tests
data.

Table 2.5: VDV ranges for level of perception [96]

Level of Perception VDV (m/s""™)
Reasonable < 0.66
Disturbing 0.66 —2.38

Unacceptable 2.38 —4.64
Panic > 4.64
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2.3.6 Assessment Aircrew of Health, Comfort and Perception

The three different methods recommenced by ISO 2631 standard were used to assess the
whole-body vibration of the aircrew recorded during flight tests. Only the accelerometer
data at the cushion location was used for calculation because this standard requires the
acceleration measured at the occupant-machine interface [92]. Although the standard
requires acceleration in all three orthogonal directions to be measured and consolidated
using vector addition, this flight test only measured vertical Z-direction vibration. It is
reasonable to assume that the Z-direction vibration is the most dominant at the cushion
interface while the effects of lateral and transverse vibration could be neglected [97].
The Human Body Vibration module of the commercially available LMS Test.Lab data
analysis software package was used to calculate the rms, MTVV and VDV based on
measured acceleration on the cushion. The level of comfort, health guidance and level of
perception based on rms, MTVV and VDV assessed for the pilot and co-pilot for each
corresponding flight condition is shown in Table 2.6 and Table 2.7, respectively.

The level of comfort assessed for the pilot clearly shows that most flight
conditions are considered “uncomfortable” while the 140 kts condition is rated as “very
uncomfortable”. In addition, the health guidance rates several flight conditions as
“caution” while the 140 kts condition is rated as “not safe”. However, the vibration
assessment for the co-pilot shows a significantly more severe vibration environment with
several “extremely uncomfortable” flight conditions. Furthermore, all flight conditions
are rated as “not safe” based on the health guidance for the 4-8 hour exposure time. As
stated previously, the variation in pilot and co-pilot vibration assessment may be due to
the weight, tightness of their harness restraint, and posture among other factors. For
example, the tested pilot represented a 50" percentile male while the co-pilot represented
a 95" percentile male performing vastly different activities. These significant differences
may explain the variation in the ISO 2631 assessment based on measured vibration for
the pilot and co-pilot. Although this data was sufficient for the current purpose of
measuring aircrew vibration to develop an adaptive seat mount, it is recommended that a
program of thorough flight tests be performed with a larger sample size to increase the

statistical significance of the data.
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Table 2.6: Measured vibration of the pilot evaluated based 1SO 2631 standard

Flight rms MTVV | VDV Level of Health Level of

Condition (mis?) | (m/s?) | (m/st"™) Comfort Guidance | Perception
Ground Run (1) 0.51 0.78 1.96 A Little Uncomfortable Safe Disturbing
Ground Run (2) 0.88 1.28 3.04 Uncomfortable Caution | Unacceptable
25 ft Hover (1) 0.58 8.83 1.57 Fairly Uncomfortable Caution Disturbing
25 ft Hover (2) 0.39 0.49 1.37 A Little Uncomfortable | Caution Disturbing
Trans. Lift (1) 0.52 0.59 1.96 A Little Uncomfortable Caution Disturbing
Trans. Lift (2) 0.52 0.78 1.77 A Little Uncomfortable Safe Disturbing
60kt Level (1) 0.39 0.49 1.37 Not Uncomfortable Safe Disturbing
60kt Level (2) 0.41 0.48 1.67 A Little Uncomfortable Safe Disturbing
60kt Climb (1) 0.49 0.59 1.47 A Little Uncomfortable | Caution Disturbing
60kt Climb (2) 0.39 0.49 1.37 A Little Uncomfortable Safe Disturbing
100kt Level (1) 0.39 0.59 1.47 A Little Uncomfortable Safe Disturbing
100kt Level (2) 0.29 0.39 1.57 Not Uncomfortable Safe Disturbing
120kt Level (1) 0.59 0.98 2.38 Fairly Uncomfortable Caution | Unacceptable
120kt Level (2) 0.59 0.88 2.45 Fairly Uncomfortable Caution | Unacceptable
140kt Desc (1) 1.18 1.37 3.43 Very Uncomfortable Not Safe | Unacceptable
140kt Level (1) 0.49 0.78 2.16 A Little Uncomfortable | Caution Disturbing

Table 2.7: Measured vibration of the co-pilot evaluated based 1SO 2631 standard
Flight rms MTVV | VDV Level of Health Level of
Condition (misy) | (mis?) | (mist™) Comfort Guidance | Perception
Ground Run (1) 2.06 2.75 7.16 Very Uncomfortable Not Safe Panic
Ground Run (2) 2.75 3.73 8.53 Extremely Uncomfortable | Not Safe Panic
25 ft Hover (1) 2.35 2.84 8.00 Extremely Uncomfortable | Not Safe Panic
25 ft Hover (2) 1.86 2.45 6.57 Very Uncomfortable Not Safe Panic
Trans. Lift (1) 1.77 3.04 6.08 Very Uncomfortable Not Safe Panic
Trans. Lift (2) 1.86 2.55 6.08 Very Uncomfortable Not Safe Panic
60kt Level (1) 1.37 1.77 491 Uncomfortable Not Safe Panic
60kt Level (2) 1.47 1.77 5.00 Uncomfortable Not Safe Panic
60kt Climb (1) 1.96 2.55 6.28 Very Uncomfortable Not Safe Panic
60kt Climb (2) 1.77 2.06 6.28 Very Uncomfortable Not Safe Panic
100kt Level (1) 1.47 2.35 5.10 Uncomfortable Not Safe Panic
100kt Level (2) 1.37 1.77 5.10 Uncomfortable Not Safe Panic
120kt Level (1) 1.86 2.26 6.67 Very Uncomfortable Not Safe Panic
120kt Level (2) 1.96 2.55 6.87 Very Uncomfortable Not Safe Panic
140kt Desc (1) 2.16 2.55 7.34 Extremely Uncomfortable | Not Safe Panic
140kt Level (1) 2.35 2.94 8.04 Extremely Uncomfortable | Not Safe Panic
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2.3.7 Statistical Significance of Data

It is important to note that the vibration data analyzed for each flight condition was
acquired by flying a single Bell-412 aircraft twice at a specified flight condition with a
particular pilot and co-pilot. Therefore, it is recommended that more extensive flight
tests be conducted by a larger population of pilots and co-pilots as well as by using
several aircraft of the same type in order to obtain a more statistically significant set of
flight data.

2.4 Frequency Domain Analysis

The above assessment based on the commonly used ISO 2631 standard clearly shows the
necessity to reduce the level of vibration experienced by helicopter aircrew. Although
these metrics provide a general assessment, they are overly simplistic because they do not
account for the spectral sensitivity of the human body to vibration. For example, a
particular level of vibration may be felt as more or less disruptive, depending on the
frequency at which it occurs. Therefore, it is necessary to analyze the measured vibration
in the frequency domain. In addition, the design of the adaptive seat mount requires
knowledge of the spectral content of the input excitation in order to be effective in
counteracting the vibration. Therefore, spectral analysis of the flight tests data was

performed in the frequency domain.

2.4.1 Spectral Analysis

The recorded vibration data was also analyzed in the frequency domain using spectral
analysis to identify harmonics of the main rotor, which is the primary vibratory source
acting on the helicopter cabin. In general, the auto-power spectrum, G,., for a given

frequency f is defined as

Gxx = X(f) - X" (f) (2.8)
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where, X(f) is the FFT of the input signal and X*(f) is the complex conjugate of X (f).
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The frequency range of interest of the autopower spectra analysis was selected

between 1 Hz and 50 Hz. The power spectrum format was converted to linear spectrum
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in order to extract the amplitude at the harmonic frequencies. Frequency domain analysis
of the flight test results showed that the vibration spectrum at the fuselage, seat and pilot
body were dominated by the N/rev harmonics of the blade passage frequency despite the
changes in vibration levels due to various operating conditions. For the floor vibration,
the dominant peak was 21.5 Hz, which corresponded to 4/rev of the rotor passage
frequency (N=4), other peaks included 1/rev, 2/rev, 6/rev and 8/rev. Vibration levels
measured on the pilot body, including helmet and shoulder locations, also varied with
flight conditions. A comparison of X and Z direction vibration spectra measured at pilot
helmet location at several typical flight conditions are shown in Figure 2.7 and Figure
2.8, respectively. The autopower spectra of all accelerometers for all flight conditions are
provided in Appendix A. In general, the vibration levels increased with flight speed. The
worst vibration scenario in accordance to the aircrew perception was the translational lift,
in which significant 1/rev and 4/rev peaks were observed simultaneously at both front-
back and vertical directions of the pilot as well as co-pilot helmet and shoulder locations.
Analysis results revealed that the vibration transmission from the floor to the pilot
body was generally similar despite the differences in input vibration levels and spectral
components. The frequency spectra of the vibration transmission path from the floor to
the helmet at 120 kts forward flight condition for the pilot and co-pilot in the vertical Z
direction are shown in Figure 2.9 and Figure 2.10, respectively. The frequencies
observed on the helicopter structure included 4/rev frequency at 21.6 Hz as the most
dominant frequency followed by the 8/rev frequency at 43.2 Hz and 1/rev frequency at
5.4 Hz. In contrast to the structural vibrations, the vibration measured on the pilot and
co-pilot helmets and shoulders showed 1/rev at 5.4 Hz as the dominant frequency for the
majority of flight conditions. It showed that the combination of the human body with the
seat structure amplifies the low frequency at 1/rev while attenuating the high frequencies
when transmitting the floor vibration to the aircrew helmets. Comparing the vibration
spectra at the floor and aircrew body locations, it was found that the vibration peaks at
the higher frequencies were reduced effectively through the isolation effect of the passive

seat cushion as well as the aircrew body [98].
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Figure 2.10: Transmission path spectra for the co-pilot in the Z-Direction

In particular, the 4/rev, 6/rev and 8/rev peaks observed at the floor location were

reduced in the vibration spectra of pilot shoulder and helmet locations, while the

amplitude at 4/rev was amplified. Due to the differences in aircrew weight, posture and

other factors at the time of the measurement, the measured vibration amplitude also

varied amongst the aircrew.
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2.4.2 Transmissibility Analysis

In order to evaluate vibration transmissibility characteristics through the seat structure,
the transmissibility ratio, y, was calculated for the frequency band of interest. The
vibration transmissibility ratio for each target location and direction was calculated by
using the autopower of the floor vibration spectrum in that particular direction as the
reference as shown below. Frequencies with transmissibility ratios greater than one on
the spectra indicate those frequencies that are amplified by the vibration transmission

path. The transmissibility ratio is computed as the following ratio:

y == (2.9)

where, G, is the cross-power of floor and target accelerometer while G,, is the
autopower of the floor vibration in the direction of the target accelerometer.

For example, the transmissibility ratio for the helmet location was calculated by
using the autopower of the floor vibration spectrum in the Z direction as the reference.
The vibration transmissibility of the helmet location of the two aircrew members during
the same flight is shown in Figure 2.11. Although pilot and co-pilot seats were equipped
with the same type of seat cushion, the vibration transmissibility ratio varies slightly due
to variations in the aircrew weight and posture. Despite the slight variation in frequency
and amplitude, the similar transmissibility ratio was identified on both aircrew members.
By examining the vibration transmissibility function between floor and the pilot helmet
location in the frequency domain as shown in Figure 2.1, a head-helmet vibration mode at
6.2 Hz was identified as the front-back bending mode. In particular, the transmissibility
spectra showed that the pilot and co-pilot helmets and shoulders significantly amplified
the Z-direction vibration at the 1/rev frequency of 5.4 Hz. The transmissibility ratio
analysis in the X-direction showed a significant amplification peak at 7.3 Hz. Similar
transmissibility analysis in Y-direction did not show a significant amplification peak.
Vibration transmissibility ratio analyses of flight test data indicates the existence of a

structural resonance for the combined human body with the seat structure, at
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approximately 5.3 Hz and 7.3 Hz in the Z and X directions, respectively. The data
indicated that the amplification of vibration in the Z direction was due to the coupling of
this resonance mode with the 1/rev rotor harmonic peak at 5.4 Hz. This vibration
amplification may lead to potential injuries to the neck and spine of the pilot under long-
term exposure of the helicopter vibratory environment. Additional weight on the flight

helmet due to HUDs or NVGs can make this vibration situation much worse.

— Pilot:Helmet
25N +  ee=== CoPilot:Helmet

Amplitude

Hz

Figure 2.11: Vibration transmissibility for the helmet location in the Z-Direction

2.5 Summary of the Flight Test

A unique flight test performed using the NRC Bell-412 helicopter demonstrated that the
helicopter aircrew is exposed to high levels of vibration during flight. The results
showed that the aircrew vibration exposure levels varied substantially depending on
operating conditions and aircrew configurations. Based on the commonly used ISO 2631
standard to assess the effect of the whole body vibration exposure, the data acquired
during the flight test clearly concluded the necessity to reduce the level of vibration
experienced by Bell-412 helicopter aircrew. For example, ISO 2631 comfort assessment

and health guidance analysis indicated that most Bell-412 flight conditions were
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considered “uncomfortable” and “caution” while the 140 kts flight condition was rated as
“very uncomfortable” and “not safe,” respectively.

Significant 1/rev and 4/rev vibration peaks were observed on the aircrew based on
frequency domain spectral analysis. In contrast to the measured structural vibration, the
transmissibility spectra showed that the pilot and co-pilot helmets and shoulders
significantly amplified the Z-direction vibration at the 1/rev frequency of 5.4 Hz. The
flight test also verified that the currently used passive seat cushions do not provide
satisfactory vibration isolation and furthermore long term-exposure at this level of
vibration may be harmful to aircrew health.

Recognizing these challenges, it is necessary to develop innovative technologies
to reduce the vibration levels experienced by the aircrew. Among them, the adaptive seat
mount concept offers the adaptive capability to attenuate aircrew body vibration under
various flight conditions and varied aircrew configurations at higher frequency regimes,
while requiring minimum modification to the aircraft structure. In addition, the
investigation of novel energy absorbing passive cushion material is required to improve
the low frequency vibration attenuation through the aircrew seat.  Therefore,
development of a novel hybrid helicopter seat design integrated with both active and

passive means is pursued to mitigate the vibration exposure of helicopter aircrew.
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Chapter 3

Characterization of Seat System Dynamics for Simulation

A biodynamic model of a seated aircrew was required to efficiently evaluate various
novel seat designs through vibration simulations. This chapter briefly describes the
comprehensive characterization tests performed, including the experimental modal
analysis procedure, to extract dynamic parameters from the helicopter seat with a
strapped mannequin that represented the aircrew. Modal test performed using a large
electrodynamic shaker was also used to evaluate the effect of the aircrew weight and
excitation level on the vibration response. The extracted modal parameters provided
valuable information for the development of a lumped parameter based biodynamic
model. This simplified model implemented using the SIMULINK software was an
efficient simulation platform to evaluate effectively various seat design options to

mitigate aircrew vibration in helicopters.

3.1 Experimental Modal Analysis

The experimental modal analysis methodology is one of the most common tools used to
characterize the dynamics of mechanical systems because it produces very illustrative
and useful results for structural design. Modal analysis results reveal critical dynamic
properties of the structure required for vibration applications, namely, natural frequency,

damping and the mode shapes. The extraction of modal properties of the helicopter seat
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structure was performed by measuring transfer functions from an experimental modal
test. Although this section briefly discusses the theory associated with experimental
modal analysis, it is not intended to provide a comprehensive background of this well
established technology. In depth details of the modal analysis theory and implementation
process has been published previously [99,100,101].

3.1.1 Brief Theoretical Background

In experimental modal analysis, the dynamics of a structure is described in the frequency
domain by a transfer function. A transfer function describes the response in one degree-
of-freedom (DOF) due to a unity forcing in another DOF in the frequency domain. It is
defined as:

Xi(w)

i) = F @)

3.1)

where, o is the frequency of excitation, Xj(w) is the Fourier transform of the response
Xi(t) in DOF i, and Fj(w) is the Fourier transform of a force fj(t) acting in DOF labeled j.
By measuring the vibration response x; and the applied force fj, and performing the
Fourier transformations, the transfer function Hj; for a given DOF on the structure can be
calculated using the Eqg. 3.1. This transfer function is one of Nx N transfer functions
which can be measured on the seat structure with a N number of DOFs.

The system described above is an ideal one where the output is related directly to
the input and it does not take noise into account. In experimental modal analysis, various
estimators are used to account for the noise from the measured input and output signals in
calculating Hjj. The most commonly used one is the H; estimator, which assumes that
there is no noise on the input and minimizes the noise on the output in a least squares

sense. In this case the transfer function matrix H; is given by,

Srx(w)
Ser(w)

Hy(w) = 3.2)
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where Sry (w) s the cross-spectrum of x;(t) and fj(t), while Sgr(w) is the auto- spectrum
of fi(t). Alternatively, the H, estimator which assumes that there is no noise on the output
can be used to obtain the transfer function matrix. It minimizes the noise on the input in

a least squares sense and H, is given by,

Sxx(w)
Sxr(w)

Hy(w) = (3.3)

where, Syx(w) is the auto- spectrum of x;(t).

The complete set of transfer functions is referred to as the transfer function matrix
H. A transfer function matrix model describes the dynamics between all DOFs of the
structure and contains transfer functions between all combinations of DOF pairs. Modal
parameters of the structure are extracted from measuring only one row or one column of
the transfer matrix H. A column of transfer functions is obtained by measuring the
response in all DOFs, while the excitation point is fixed to one DOF. A row of H is
obtained from measuring the response in one DOF while the point of excitation is moved
between all DOFs. Any one of these measurements can be used to obtain all modal
parameters of the structure.

In order to verify this approach for modal analysis, consider the following linear

equation of motion with external excitation;

MX + CX + SX = f(¢t) (3.4)

where, the vector f is a forcing vector containing the external forces fj(t) which is acting
inthe DOFs j =1, 2, 3, ..., N and where (") = d/dt, and the matrices M, C and S are the
mass, damping and stiffness matrices. To solve the above Eq. 3.4, it is assumed that the
eigenvectors v, are known. In addition, the orthogonality of eigenvectors yields that the

solution to Eq. 3.4 is written as follows;
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N

X(©) = ) viau(®) (35)

k=1

where, qy are the time-dependent generalized coordinates. Inserting Eq. 3.5 into Eq. 3.4

and multiplying by v from the left while using the orthogonality properties of

eigenvectors, Eq. 3.4 reduces to

Gk — 20k + (of + of)qx = Vi f (3.6)

where k=1, 2, 3,. ., N. The above Eq. 3.4 shows that the generalized coordinates qy are
uncoupled in the equation of motion, indicating that the modes of the structure are
uncoupled. These decoupled modes result in transfer functions that can be expressed as a
sum of modal transfer functions. Performing Fourier transform expansions of Eq. 3.5 and
Eqg. 3.6, and combining them with the transfer function definition in Eq. 3.1, the transfer

function matrix is derived as

N N T
_ B ViV
H(w) = kZ:l @) = kZ{ (lw — 0 — iw) (iw — 0 + iwg) &0

This Eq. 3.7 relates experimentally measurable transfer functions to the modal properties
wy, gy, and v, for each mode k to generate a modal transfer matrix Hj, to the complete
transfer function matrix consisting of all modes of the structure. Therefore, the sum of
modal transfer functions Hy ;;(w), which is an approximation of the measured transfer

function, can be decomposed as

N -
Tk,' . rk, .
Hij(w) ~ Z Hyeij () = — = — = (3.8)
= Pk Pk
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where py = oy + iwy is the pole of the mode k and 7y, ;; = vy ;v ; Is the residue of mode
k at DOF i with reference to DOF j while the bar denotes the complex conjugate. The
pole of the mode is a complex quantity that combines the natural frequency and damping
of the mode. The residue is also a complex quantity describing the product of two
complex modal amplitudes. These modal properties are extracted from measured transfer
functions by curve fitting functions derived from Eg. 3.8 with poles and residues as
fitting parameters. A review of the experimental modal analysis process, including
detailed discussions of common curve fitting parameter estimation methods, is found in
the literature [102,103].

3.1.2 Experimental Modal Test Setup

An experimental modal analysis was conducted using a full-scale Bell-412 pilot seat to
identify the major vibration modes of the seat that contribute to the aircrew vibrations.
The vibration excitation to the seat structure was provided by the large shaker facility at
NRC which is generally used for vibration and shock tests of aerospace components. The
Unholtz-Dickie SA30-R16A electrodynamics shaker has the capability to generate
10,000 Ibf (peak) for sine, 10,000 Ibf (rms) for random and 20,000 Ibf for shock tests
within the frequency range from 5 Hz to 2000 Hz. It is complete with a 1 m x 1 m slip
table and a 1 m x 1 m head expander to test in 3 orthogonal directions independently.
The input excitation to the shaker was generated using the LMS Test.Lab closed-loop
Environmental Control software module. The shaker is capable of generating a number
of vibration input profiles such as sine sweep, sine dwell, random, sine-on-random,
random-on-random, as well as shock profiles such as half sine, terminal peak, triangular
or shock response spectrum. Since the MIL-S-85510 standard stipulates that no vibration
amplification shall occur within the frequency range of 4 to 50 Hz, a low level random
vibration spectrum within this frequency range at a level of 0.05 grms was selected as the
excitation source for the experimental modal test [9]. Low excitation was used to satisfy

the linear and time invariant system assumptions of the modal analysis process.
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Figure 3.1: Seat modal test setup on the shaker with the mannequin

The Bell-412 helicopter seat described in Section 2.2.3 was installed on the shaker
in Z-direction excitation to generate helicopter floor vibration, as shown in Figure 3.1.
The bottom of the seat frame was attached to the shaker armature through an interface
plate. To evaluate the impact of a seated aircrew to the dynamics of helicopter seats, a
Sierra Sam type mannequin that represented a 95" percentile male was strapped to the
seat in a normal seating posture using the restraint harness system. The limbs of the
mannequin were removed to reduce noise in the measurement signal due to uncorrelated
excitation. The mannequin was fitted with a typical flight helmet and the total weight of
this modified mannequin was approximately 180 Ibs. Special attention was given to the
tension of the seat harness to minimize unwanted movements of the mannequin and to
maintain consistency in the process of securing the mannequin by strapping to the seat.
The mannequin provided a qualitative mass distribution of a seated pilot on the seat
structure under vibration excitation. Use of this mannequin on the seat was necessary to
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extract relevant modal parameters of the Bell-412 helicopter seat by representing the

effect of the aircrew.

Figure 3.2: Geometry model for the experimental modal test

The response of the seat structure was measured using 37 high sensitivity
miniature accelerometers of the type PCB 357C10 and PCB 352C22. These low weight
miniature accelerometers mitigated the effect of mass loading on the structure and their
high sensitivity was ideal to obtain good signal-to-noise ratio in measurements even when
the response amplitudes were relatively low. In order to provide a reasonably clear
representation of the mode shapes of the seat structure, tri-axial accelerometers were
attached to 6 locations on the seat frame and the seat bucket. In addition, tri-axial
accelerometers were also installed on 6 locations on the mannequin to identify its

movement. One accelerometer was also installed on the shaker interface plate directly
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underneath the helicopter seat and it was used as the shaker control sensor. The geometry
model of the seat and mannequin used for the accelerometer layout is shown in Figure
3.2.  All accelerometers were calibrated using the standard calibration procedure to
ensure accuracy and reliability prior to installation.

The shaker excitation signal generation and data acquisition were performed using
the LMS SCADAS 310 front-end hardware configured with one VDAC output card and
four V12 input cards [104]. Simultaneous generation of the random excitation signal and
the data acquisition of all channels were performed using the Random Control module of
the LMS Test.Lab software [105].

3.1.3 Experimental Modal Data Analysis

The LMS Test.Lab Spectral Testing software package was used to calculate the FRF and
Coherences from the recorded time domain data. The FRF was calculated as the ratio of
the cross-spectrum between input and output and the power spectrum of the inputs based
on H1 formulation which assumed noise-free input measurements. The signal from the
control accelerometer placed on the vibrating base was used as the reference signal in
calculating the FRFs of the response accelerometers. A frequency resolution of 0.1 Hz
was selected for data analysis in order to distinguish any closely spaced modes. To
improve the coherence and mitigate the measurement noise in the data, 30 linear averages
were taken during each test run. Typical FRFs calculated for a sensor installed on the
mannequin and a sensor placed on the seat are shown in Figure 3.3. The calculated FRFs
were assigned to the appropriate nodes of the geometry model in order to animate the
identified mode shapes for proper visual display through animation.

The Modal Analysis module of LMS Test.Lab software was used to extract the
modal parameters from the measured FRF data. The FRFs from each sensor, recorded
separately during data acquisition, were combined and analyzed together for modal
parameter estimation. The software used an advanced curve fitting algorithm known as
PolyMAX to estimate frequency, damping and mode shape from the experimental test
data. PolyMAX is an advanced polyreference least-squares complex frequency-domain

(LSCF) algorithm that generates very clear stability diagrams for modal parameter
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estimation [106, 107]. The PolyMAX method is a further evolution of the LSCF
estimation used to find initial values for the iterative maximum likelihood method by
incorporating complex frequency mapping to enhance the numerical characteristics [108,
109]. This advanced curve fitting method allowed curve fitting of a wide frequency band
containing a high number of modes in a single analysis run. The algorithm was able to
process all measurement DOFs within the complete frequency range of interest without
much difficulty. The identification of the modal parameters using all FRFs was aided by
the Multivariant Mode Indicator Function (MMIF) and the Sum of FRFs on the stability
diagram generated by the PolyMAX curve fitter as shown in Figure 3.4. The MMIF is a
frequency domain function that exhibit local minima at the natural frequencies of real

normal modes to identify the resonance frequencies of the structure.
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Figure 3.3: FRFs calculated from the shaker modal tests
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Figure 3.4: Stability diagram generated from the modal test

The stabilization diagram is an important tool used to separate the physical system
modes from mathematical poles [102]. In general, the stabilization diagram is generated
by repeating the analysis for increasing model order. The vertical on the right shows the
model order and the horizontal axis represents the damped natural frequency of the
estimated modes. The symbol ‘s’ means that the variation over consecutive model orders
of the damped natural frequency is smaller than 1% while the damping ratio varies less
than 5%. Once the modal parameters were extracted by selecting stable poles marked as
“s” on the stability diagram, these parameters were used to synthesize the FRFs for each
channel in order to compare with the FRFs generated from the experimental data [110].
Comparison of synthesized FRFs with the measured FRFs was important to determine the
level of accuracy of the estimated modal parameters that represented the overall
dynamics of the structure. In addition, extracted mode shapes were compared to each
other using the Modal Assurance Criteria (MAC), which is an orthogonality check of the
extracted modal parameters. When compared with all extracted mode shapes, the MAC
matrix showed a value of near zero in the off-diagonal terms suggesting that the

identified mode shapes were independent from each other.
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3.1.4 Modal Test Results

The modal test was performed on the Bell-412 seat with and without the mannequin on
the seat. The first modal test condition which included the Bell-412 seat structure only,
identified two major vibration modes as shown in Figure 3.5. Since the seat bucket with
the cushions was attached to the vertical seat frame through a rectangular sliding guide
rail to allow for aircrew vertical position adjustment, the clearance between the rails
introduced a bending mode to the seat bucket structure at 9.0 Hz as Mode 1. Mode 2 was
as a major bending mode of the seat frame at 36.4 Hz due to the cantilever type motion of

the seat frame.

4+
solid line: deformed shape
dot line: undeformed shape

mode 1: 9.0Hz ode 2:36.4Hz

Figure 3.5: Seat modes without mannequin

The second modal test condition which included the strapped mannequin on the
Bell-412 pilot seat structure identified six vibration modes as shown in Figure 3.6. Due
to the addition of mannequin mass, the bending seat mode was decreased to 5.6 Hz
(Mode 1). The mannequin head/helmet showed a localized bending mode in the fore-aft
direction at 9.7 Hz (Mode 2). Due to the mannequin mass and seat cushion stiffness, a
vertical mannequin mode was identified at 10.8 Hz (Mode 3). The cushion on the tilted
seat back introduced two major vibration modes in the fore-aft direction: a mannequin

body bending mode at 16.6 Hz (Mode 4) and a combined mannequin head/body
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movement mode at 19.8 Hz (Mode 5). Both of these two vibration modes incurred
significant vibration levels to the mannequin head/helmet in the fore-aft direction. A
second bending mode of the seat bucket/frame was also identified at 43.2 Hz due to the
mass of the mannequin. Analysis of the vibration spectra revealed that the vibration
modes at 5.6, 9.7, 10.8, 16.6 and 19.8 Hz contributed dominantly to the vibration levels at
the mannequin helmet location. Suppression of these vibration modes could lead to relief

of the back and neck injury problems for the helicopter aircrew.
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Figure 3.6: Seat modes with mannequin

Experimental modal parameter results verified that a few major vibration modes
contributed to the excessive vibration levels of the aircrew body. The aircrew helmet and
shoulder were exposed to large amplitude vibrations in both the vertical and fore-aft
directions. It was determined that the dynamic coupling of the seat bending mode at 5.6
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Hz (Mode 1) with the 1/rev rotor excitation may be the cause for vibration amplification
in the low frequency regime. The critical modes that were identified from the
experimental modal test were used to generate the biodynamic model of the seated
aircrew to evaluate seat design options through vibration simulations. In addition, several
simplified modal tests were performed using the shaker facility to investigate the
variation in the modal frequencies due to the aircrew weight and the level of vibration

input.

3.2 ldentification of Factors that Affect Modal Parameters

It was important to investigate the factors that affect variation in extracted modal
parameters, primarily the modal frequencies. It was known that factors such as the
aircrew weight, seated posture, restraint tension, engaged activity as well as the vibration
level due to non-linearity of cushion properties may affect modal frequencies. In this
study, the variation in modal frequencies due to two factors, namely, the aircrew weight
and the level of input vibration, were studied using the shaker tests performed on a seated

mannequin.

3.2.1 Variation in Aircrew on Modal Parameters

It was important to identify the variation in the modal parameters for different aircrew
body types. This task was accomplished by performing mechanical shaker tests on the
Bell-412 helicopter seat by strapping three variations of Hybrid 111 mannequins, namely,
5™ percentile female weighing 108 Ibs, 50" percentile male weighing 172 Ibs and 95"
percentile male weighing 223 Ibs. These three mannequin configurations represented the
range in population, particularly in weight and height. Unlike the Sierra Sam type
mannequin, which only provided the mass distribution during the modal test, Hybrid 111
mannequins are full-scale anthropomorphic test devices that simulate the dimensions,
weight proportions as well as the articulation of the human body. Therefore, these
Hybrid 111 mannequins provide a more accurate representation of various body types of

the helicopter aircrew with dynamics representative of many of the critical body parts.
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Mannequins were strapped to the full-scale helicopter seat, which was attached to the
shaker head, using the existing safety belt restraint system. The seat height was adjusted
according to the mannequin’s height so that the feet rested on the shaker platform in
order to provide a direct load transmission path from the shaker to the mannequin’s feet.
An accelerometer placed on the shaker table in the Z-direction was used as the reference
and the response of the mannequin was measured using accelerometers installed inside
the head, torso, chest cavities and the bottom seat cushion interface. The test setup with
the three mannequins installed on the seat in the shaker facility is shown in Figure 3.7.

Percentile female 50" Percentile Male 95™ Percentile Male

Figure 3.7: Hybrid I1l mannequins installed on the shaker

The shaker was excited using a random signal generated in the 3 Hz to 50 Hz
band with an amplitude of 0.25 g-rms to measure the FRFs. The FRFs calculated for
most sensor locations showed that the resonance frequencies as well as the
transmissibility amplitudes varied as the mannequin changed from 5™ percentile female
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to 50™ percentile male to 95™ percentile male. For example, the variation in the FRFs
measured by the accelerometer located on the mannequin head in Z-direction is shown in
Figure 3.8. The resultant resonance frequency and transmissibility amplitudes for
measured locations of each mannequin are tabulated in Table 3.1. The resonance
frequency and amplitude variation measured on the seat cushion in the Z-direction
illustrate the change in modal parameters as the mannequin weight changed from 108 Ibs
to 172 Ibs to 223 Ibs.

4.0

35 S 5th_Percentile_Female
L === 50th_Percentile Male

3.0 — [ 95th_Percentile_Male

Amplitude
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Figure 3.8: FRFs measured from mannequin head accelerometer in Z-direction

Table 3.1: Variation in vibration resonance characteristics for each mannequin

Resonance Frequency (Hz) Transmissibility Amplitude
Mannequin Type | 5 Female | 50" Male | 95 Male | 5™ Female | 50™ Male | 95" Male

Head-Z direction 10.0 11.8 9.8 35 2.9 2.3
Head-X direction 8.2 7.2 7.0 1.0 1.2 2.6
Chest-Z direction 10.0 11.8 9.8 3.2 3.1 2.9
Chest-X direction 11.2 23.6 20.4 0.7 0.5 0.5
Torso-Z direction 10.0 11.8 9.8 3.2 2.9 3.2
Torso-X direction 7.0 13.8 9.2 0.8 1.1 0.9
Cushion-Z direction 12.8 11.6 10.2 2.5 2.4 2.3
Cushion-X direction 7.0 12.8 21.2 0.8 0.7 11
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3.2.2 Variation in Vibration Input Level on Modal Frequencies

The shaker tests were also used to evaluate the effect of vibration input levels on the
modal frequency variation on the aircrew excitation. This was achieved by vibrating the
50™ percentile Hybrid 11l mannequin strapped to the Bell-412 seat at several shaker
excitation levels. The four random vibration levels, namely, 0.5 g-rms (0.0 dB), 0.36 g-
rms (-3.0 dB), 0.25 g-rms (-6.0 dB) and 0.18 g-rms (-9.0 dB), were generated using the
shaker test facility for this experimental investigation. The FRFs calculated for selected
sensor locations showed that the resonance frequencies as well as the transmissibility
amplitudes varied as the input vibration level was varied. For example, the variation in
the FRFs measured by the accelerometer located on the bottom cushion interface in Z-

direction is shown in Figure 3.9.

/

Amplitude

Hz

Figure 3.9: FRFs measured on the cushion interface in Z-direction

The test results show that the resonance frequency as well as the transmissibility
amplitude measured on the seat cushion decreased with the increase of input vibration
levels. Variation in transmissibility due to the level of input excitation is a classical sign

of a nonlinear material behavior. This observation demonstrated that the helicopter seat
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cushion impedance properties were highly nonlinear. The resultant resonance frequency
and transmissibility amplitudes for the measured locations for each input vibration level
are tabulated in Table 3.2.

Table 3.2: Variation in vibration resonance characteristics with input levels

Resonance Frequency (Hz) Transmissibility Amplitude
Input Vibration Level | 0.0dB | -3.0dB | -6.0dB | -9.0dB | 0.0dB | -3.0dB | -6.0dB | -9.0 dB
Head-Z direction 94 11.2 11.8 13.0 25 2.7 2.9 3.1
Head-X direction 6.4 7.2 75 7.8 1.0 1.1 1.2 1.3
Chest-Z direction 9.4 11.2 11.8 13.0 2.6 2.8 3.1 3.3
Chest-X direction 19.8 22.4 23.6 23.8 04 0.4 05 0.6
Torso-Z direction 9.4 11.2 11.8 13.0 25 2.7 2.9 3.1
Torso-X direction 13.2 134 13.8 13.2 0.9 1.0 11 1.2
Cushion-Z direction 94 9.8 11.6 12.0 19 2.0 2.3 24
Cushion-X direction 25.4 26.6 26.0 25.8 0.5 0.6 0.6 0.5

3.3 Development of a Biodynamic Model

Based on the results of the modal tests of the helicopter seat and dynamics of the human
body, a biodynamic model was developed to efficiently evaluate novel seat design
options through vibration simulations. The development of biodynamic models to
simulate responses of a seated human body has been the topic of interest over the years
and a number of mathematical models have been previously established [111, 112]. In
general, these models fall into three broad techniques, namely, lumped parameter (LP),
finite element (FE), and multi-body (MB) models. However, the LP model is one of the
most popular analytical methods for the study of biodynamic responses of a seated body.
This type of single dimensional (1-D) model simplifies the dynamics of the seat structure
as well as the human for efficient implementation [113]. In contrast, the FE and MB
models generally developed in three dimensions (3-D) are very complex for this
application and require knowledge of a number of mechanical properties of the seat and
the human which have been difficult to measure accurately [114]. The flight tests data
measured on the aircrew was used to validate the developed lumped parameter model in
this study. The validated model was used to evaluate the effectiveness of various options
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considered for the adaptive seat mount design and evaluate novel energy absorbing

cushion materials to mitigate aircrew exposure to vibration.

3.3.1 Lumped Parameter Model

The human body in a seated posture along with the seat structure were modeled in the
vertical direction as a mechanical system composed of several rigid bodies
interconnected by springs and dampers. In this study, a four degree-of-freedom human
body model previously developed by Wan and Schimmel for vertical random vibration
simulation was used to represent the helicopter aircrew [111]. This model treats the
upper body of the seated aircrew as four single degree-of-freedom (SDOF) masses
interconnected by springs and dampers [115]. The mass mp, represent the lower torso,

mp, the viscera, mp, the upper torso and mp, represent the head and neck. In addition,

the seat frame structure and the seat cushion were modeled as separate 1-DOF systems

represented as m. and m., respectively [116]. Although the cushion and the seat frame

are modeled together as a single mass-spring system in general, these components were
considered separately for this investigation to study the effect of integrating novel
cushion materials to the helicopter seat [93]. It is known that passive seat cushion
materials have been used successfully to mitigate low frequency vibration transmission
through seat structures [116]. The lumped parameter model shown in Figure 3.10

identifies the position of each corresponding lumped mass as z_, z. and zp, to zp,.

Table 3.3: Mass, stiffness and damping parameters used in the model

Mass (kg) Damping (N-s/m) Stiffness (N/m)
m_=15 c_=41 k_=148299
F F F
m. =1 c. =390 k. =47700
mp, =48.4 cp, = 2475 kpl =49340
mp, = 7.4 cp, =330 kp, = 20000
mp, = 20.2 cp, =200 kp3 =10000
mp, = 5.6 cp, =250 kp, = 134400
cp,, =909.1 kp,, = 192000
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The floor displacement identified as z, is the input vibration to the lumped

parameter model. The vibration measured in the base of the seat frame during the flight
test is used as the vibration input in the dynamic simulation. Moreover, the measured
mass of the pilot in standing and seated positions were used to derive the lumped masses
associated with the human body. The mass of the lower torso was assumed to be 59% of
the seated mass, the viscera was 9%, the upper torso was 25% and the head and neck
were 7%. An additional 1 kg was added to the head mass to represent mass of the flight
helmet worn by the pilot. However, damping and stiffness values were not changed from

the original values identified in the Wan and Schimmel study [111].
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Figure 3.10: Lumped parameter model of the seated aircrew
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The stiffness (k.) and damping (c.) values of the seat frame were extracted using

the results of the experimental modal test performed on the seat with and without the
mannequin. Additional shaker tests were conducted on the bare cushion material in order

to extract approximate damping (c..) and stiffness (k) values for the properties associated

with only the bottom cushion. All parameters used in the lumped parameter model

including mass, stiffness and damping are tabulated in Table 3.3.

3.3.2 Formulation of Equations of Motion

The equations of motion describing the dynamic behavior of the system are derived for

the model using Newton second law of motion as follows:
MeZe =Kezo +Cc 2o — (K +Ke )z +Keze —(Cp +Cc )2 +Ce2e
Me Zc = kCZF _(kpl + kc )Zc + kp12p1 +CCZF _(Cpl +Cc )Zc +Cp12

mp,Zp, = kp,ze —(Kp, +Kp, +Kp,y )2p; +Kp,2zp, +Kpoyzp; +Cp,2¢
—(cp, +Cp, +CPy, )2D, +CP, 2P, +CP,2p,

mp2'2'p2 = kpzzpl _(kpz + kpa)zpz + kp32p3 + szzpl - (sz +CP; )z‘p2 + Cp32'p3 (3'9)

MP,Zpy = Ky, 2P, + Ky, — (K, + Ky +Kp, )2ps +kp,zp, +Cp,, 2p;
+CPy2P, —(CPyy, +CPs +CP, )2P; +CP, 2P,

mp4zp4 = kp42p3 - kp4zp4 + cp42'p3 _Cp42p4

The system of Eq. 3.9 that represents the equations of motion for all lumped masses of

the model was transformed into the State Space model in the form:

X=AxX+Bu

y=Cx+Du (3.10)

by assigning variables shown below;

Xp =Zp; Xy =2c5 X3 =105 X, = 2P, 5 X5 = ZPg;5 X5 = ZP,

X; =12g; Xg =2c; Xg =2Py; X =2Py; X3 = 2Ps; X12:Zp4
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The transformation of the variables produced A, B, C and D matrices of the State
Space model and these matrices are presented in Appendix B. The matrix C was
constructed to observe the displacement of desired component of the biodynamic model,
primarily the vibration of the aircrew head.

3.3.3 Performance of Dynamic Simulation

The SIMULINK tool, provided as an extension in the MATLAB software, was used to
perform the dynamic simulation using the developed lumped parameter model. It
provides a graphical environment for the construction of a block diagram representation
of a dynamic system for analysis. It contains a number of libraries which allow accurate
modeling of a variety of continuous and discrete systems for dynamic simulation.

The floor vibration measured from the flight test in the vertical Z-direction was
directly applied to the model as the excitation input. The State Space formulation shown
in Figure 3.11 was used to implement matrices for A, B, C and D in SIMULINK
environment. The vector u denotes the input, namely, position and velocity of the
helicopter floor and the vector y denotes the output, namely, positions of the aircrew

helmet.

u
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Figure 3.11: State Space formulation

3.3.4 Dynamic Simulation Results

The validation of the SIMULINK model was performed using sine sweep excitation as in

input to the developed biodynamic seat model. In addition, multiple sine tones were used
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as the input to simulate the helicopter rotor excitation without the contribution of the
random excitation. Finally, the floor vibration data recorded during the flight test, that
included the sine tones of the rotor with random excitation, was used to represent the
realistic vibration input to the seat structure. The dynamic simulation results of the
model was compared to FRFs of several sensor signals, such as the seat frame, cushion
interface and helmet of the pilot recorded during several flight conditions. A comparison
of simulation results and flight test data of the FRF of the aircrew helmet is shown in
Figure 3.12. The FRF comparisons showed that the simulation results does not fit
perfectly due to its simplicity but represents the dominant characteristics of the system
very well. This was evident by analyzing the time domain response of the pilot helmet
acceleration simulated with the helicopter floor vibration. For example, a comparison of
the time domain simulation results for the 120 kts flight condition, shown in Figure 3.13,
clearly falls within the range of accelerations measured during the flight test. Although
this simplified lumped parameter model was not extremely accurate, the fidelity of the
model was sufficient to perform parametric studies to evaluate various design options for
the helicopter seat to mitigate vibration such as novel energy absorbing cushion materials

and adaptive mount systems with active control technology.
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Figure 3.12: Helmet FRF comparison for simulation and flight test
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The vibration simulation using the biodynamic model was used to evaluate a
variety of adaptive seat mount design options for the Bell-412 helicopter seat. The
simulation results showed that in order to provide effective reduction in vibration in
aircrew vibration levels, structural modification to the seat such as optimization of the
cushion material impedance properties or modification to the seat frame design to avoid
dynamic coupling should also be considered in addition to active approaches designed to
counteract forced excitation due to rotor harmonics. These simulation results were taken
into consideration when designing the retrofit adaptive mount system integrated with

active control technology for the Bell-412 helicopter seat.
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Figure 3.13: Time domain response comparison for simulation and flight test

3.4 Summary of the Modeling and Simulation

A comprehensive experimental modal test was performed to extract the modes of the seat
system to develop a simplified biodynamic model based on lumped parameter modeling
technique for efficient vibration simulations. The experimental modal test performed

using the base excited shaker tests was used to extract the dynamic characteristics of the
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helicopter seat with a strapped mannequin. The experimental modal analysis process
identified several critical resonance modes of the seat structure that contributed to the
aircrew vibration. The modal tests showed that the resonance modal frequencies varied
with the aircrew weight as well as the input level. Such variation in modal parameters
clearly justifies the need to develop an adaptive seat mount system using active control
technology that could optimize vibration suppression under varying conditions.

An efficient lumped parameter model was developed to represent the dynamics of
the seat structure as well as the aircrew for vibration simulations. The modal parameters
extracted from the modal analysis were used to identify lumped parameters of the
biodynamic model. The simulations performed using the model implemented on
MATLAB based SIMULINK was used as an efficient means of evaluating various seat
design options to mitigate helicopter aircrew exposure to harmful vibration.
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Chapter 4

Adaptive Seat Mount Development and Verification

This chapter provides details of the development process followed in the system design,
development, fabrication and performance testing of the adaptive helicopter seat mount
system to mitigate the vibration transmitted to the aircrew. The implemented adaptive
seat mount design incorporated two stacked piezoelectric actuators to increase the
bending stiffness to avoid the low frequency resonance while generating forces to
counteract higher harmonic vibration peaks. The actuators were controlled using both a
feed-forward control algorithm to counteract forced N/rev harmonics and a feedback
control law to suppress the resonant vibration modes. The proof-of-concept adaptive
helicopter seat mount was retrofitted on a full-scale Bell-412 aircrew seat and the
vibration suppression performance was evaluated through extensive closed-loop tests on

a mechanical shaker using representative helicopter floor vibration profiles.

4.1 Adaptive Seat Mount Design

The measurement of aircrew body vibration spectra from Bell-412 flight tests revealed
high levels of vibration at rotor harmonics, particularly 4/rev and 2/rev, while the
vibration at 1/rev measured on the aircrew was actually amplified. In addition, the
extracted modal parameters from the experimental modal test of the Bell-412 seat with a

strapped mannequin showed a structural bending mode of the system at 5.6 Hz which
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couples with the 1/rev rotor harmonic to generate vibration amplification in the low
frequency regime. Therefore, the objective of the adaptive seat mount was not only to
counteract forced vibration frequencies at rotor harmonics but also to increase the
structural stiffness of the seat at critical locations in order to move the bending vibration
mode away from the 1/rev rotor frequency. Based on these design criteria, struts were
incorporated at the front of the seat, as shown in Figure 4.1, to support the seat pan on
both sides in order to increase the bending stiffness of the seat. The mechanical design of
the two struts connected the seat pan to the base of the L-shaped frame through interface
attachments. This structural modification with additional struts was expected to increase
the bending stiffness of the seat frame to move the bending mode at 5.6 Hz out of the
range of major rotor harmonics. Shear pins could be integrated into the attachment
mechanisms to allow for free seat pan movement downwards in case of a crash to meet
the crashworthiness criteria of the helicopter seat design. In addition, these two struts
were envisioned to incorporate actuators that could generate sufficient forces to
counteract the transmission of vibration to aircrew. The mechanical design of the
adaptive mount that retrofits the Bell-412 seat within the available footprint was expected

to mitigate the vibration transmitted to the helicopter aircrew.

Seat Pan

Seat Frame

Figure 4.1: Mechanical design of the adaptive helicopter seat mount

66



4.2 Determination of Actuator Specifications

The forced vibration input due to the N/rev harmonic vibratory loads transmitted from the
seat to the aircrew requires that the actuator used in the adaptive seat mount be capable of
generating sufficient force levels to counteract the vibration. Compared to semi-active
concepts which only vary the damping property of the seat mount, the active seat mount
concept provides wider frequency band control capability and superior performance to
suppress the forced vibration excitations. However, this approach requires the actuation
system to provide large displacement and high force simultaneously. In addition, the
mechanical characteristics of the actuators must be sufficient to increase the static
bending stiffness of the seat frame in order to avoid the low frequency vibration
amplification observed at 1/rev harmonic. Furthermore, the physical size of the actuator
must be sufficiently small to fit within the small footprint around the seat installed in the
helicopter cabin. Therefore, a compact actuation system was required for the integration

of the adaptive seat mount system with the full-scale Bell-412 helicopter seat hardware.

4.2.1 Estimation of Actuation Authority

As part of the design process of the adaptive seat mount based on active control
technology, an investigation was conducted through simulations to estimate the actuator
authority requirement. The vibration simulation used the biodynamic model discussed in
Chapter 2, implemented in the SIMULINK software platform, to estimate the required
actuator authority. Helicopter seat vibration levels measured from flight tests, as
discussed in Chapter 1, were used as the excitation input to the simulation model. The
simulation was used to determine the actuator force and the displacement for several
vibration conditions recorded during the flight tests, namely, ground, hover, translational
lift and cruise flight at 120 kts as well as 140 kts. The dynamic simulation was used to
estimate the required control authority for two actuators arranged as active struts to
reduce the aircrew helmet vibration by 50%.

The simulation results revealed that the actuation authority required for the direct
force control actuator varied with the operating conditions as listed in Table 4.1. As
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expected, the operating conditions that generate higher vibration levels demanded larger
actuation authority to counteract the vibration. Analysis also showed that a high
actuation stroke was also required in order to counteract the 1/rev harmonic vibration
because it was located in the lower frequency range. Since the structural modification
with additional struts was expected to mitigate the 1/rev vibration amplification, the

primary purpose of the actuators was to counteract the higher harmonic excitations.

Table 4.1: Actuation requirement based on flight conditions

. . Estimated Actuator Authority
Flight Condition Force (N-rms) Displacement (mm-rms)
Grounding 198.0 1.33
Hover 160.2 1.06
Translational Lift 214.7 0.46
120 kts Cruise 138.2 0.12
140 kts Dive 245.8 0.22

4.2.2 Selection of the Actuation Technology

Several actuation technologies such as hydraulic, electrodynamic and linear motors were
considered for the adaptive seat mount design. Based on the required actuation authority,
structural stiffness and the size, stacked piezoelectric actuators were selected as the most
suitable actuation technology for the adaptive seat mount application. The investigation
showed that those stacked piezoelectric actuators are capable of providing the actuation
stroke and force simultaneously at high frequency regimes in order to enable effective
vibration suppression in helicopter seat application.

Piezoelectric material is one of the most widely used active materials with
inherent electrical and mechanical coupling characteristics. Piezoelectric material
develops electrical charge when strained and conversely develops strain when subjected
to a voltage [117]. These piezoelectric materials are highly suitable for structural control
application due to their high frequency response, linear performance at low electrical
fields, high frequency operation and their ability to generate large actuation forces due to

high stiffness. For these reasons, actuators based on piezoelectric materials are
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increasingly used in adaptive structures applications with active control technologies.
The most common piezoelectric ceramic is lead zirconate titanate, Pb(Zr, Ti)Os,
commonly known as PZT [118]. The induced strain coefficient d is the most relevant
electromechanical coupling property of PZT for actuation and sensing applications [119],

-(2)-2)

In actuator mode, d (m/V) is the strain S developed per unit applied electric field E, and

and is given by the expression:

in sensor mode, d (C/N) is the electrical charge D generated per unit applied mechanical

stress T, subscripts denote the parameter held constant.

Table 4.2: Bulk piezoelectric properties [120]

Property Name PZT-4 PZT-5A PZT-5H PZT-8
Strain coefficient - dg, -122 x 1072 -171x 107 274 x 10" 97 x 10"
Strain coefficient - dg; 285 x 10" 374 x 10" 593 x 1077 250 x 1077

Closed circuit stiffness - 82 GPa 61 GPa 62 GPa 87 GPa
Closed circuit stiffness - 61 GPa 53 GPa 48 GPa 74 GPa
Density 7600 kg/m 7700 kg/m 7450 kg/m 7500 kg/m

PZT material exhibits piezoelectric properties when randomly oriented electric
dipoles are aligned in a common direction in a process called poling. An electrical field
is applied during the poling process to orient the dipoles in the direction of the electrical
field. The magnitude of the coupling coefficient may vary with the direction of electrical
and mechanical application. In general, the ‘3° direction is defined as the direction of
poling while ‘1’ and ‘2’ are the perpendicular directions. Thus the ds; coefficient relates
strain developed in the ‘1’ direction due to the electric field applied along the direction of
poling. This d3; coefficient is also known as the secondary or transverse piezoelectric
effect. In contrast, the ds; coefficient relates to the strain developed in the direction of
poling to the electric field applied in the same direction. This ds3 coefficient is known as
the primary or longitudinal piezoelectric effect. Typically the transverse ds; piezoelectric

effect is approximately half of the primary ds; effect in magnitude. The material
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properties of commercially available bulk piezoelectric material relevant to structural
control applications are summarized in Table 4.2.

Although the strain capability of bulk piezoelectric material is generally less than
0.1%, PZT is increasingly used as effective structural actuators because of its ability to
generate significantly high mechanical force due to the high nominal stiffness. The
advantages of piezoelectric materials include high bandwidth operation, compatibility
with simple power amplifiers and compact physical size compared to hydraulic systems.
The interior of the piezoelectric actuator, shown in Figure 4.2(a), is a multilayered stack
of thin PZT wafers electrically connected in parallel. The thinner the wafer, the lower the
voltage required for maximum expansion of the actuator. Each thin wafer is actuated
using the primary induced strain ds3 coefficient and several wafers are mechanically
arranged in series to increase the actuator stroke. The multilayer piezoelectric stack
actuators which produce high displacements are longer in length but generate large
discrete actuation forces for a variety of structural control applications [121]. For
example, stack actuators have been integrated into truss structures for control vibration
[122,123], used to counteract helicopter rotor vibration by powering a discrete trailing
edge flap [124,125,126], and applied to mitigate the transmission of helicopter gearbox
vibration through the mounting structure [127,128].

Polarisation

(b)

Figure 4.2: (a) Interior multilayered stack (b) Selected piezoelectric actuators
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In the proof-of-concept adaptive seat mount hardware design, the Pst 150/14/200
VS20 stacked piezoelectric actuators manufactured by PIEZOMECHANIK GmbH, as
shown in Figure 4.2(b), were selected for the two active struts. The multilayered
piezoelectric stack is preloaded in a ruggedized stainless steel casing for protection. The
length of the actuator is 200 mm and the diameter of the actuator is 20 mm. The free
stroke of 0.2 mm was generated at the moving head as the operating voltage varied from
0 V to 150 V. The actuator was powered by an LE 150/200-3 high amplifier
manufactured by PIEZOMECHANIK GmbH capable of generating +150 V with a peak
current of 2 A. Although the actuator is rated to generate a maximum force of 7000 N,
the pre-stress of 1000 N limits the maximum tensile force that can be safely applied to the
moving head. Based on simulation results shown in Table 4.2, the force and stroke
capabilities of the selected actuator was sufficient to reduce vibration by 50% at the
cruise speed of 120 kts, the longest operating condition in many helicopter missions.
This stacked piezoelectric actuator pair provided the required actuation authority and
sufficient structural stiffness, due to the casing, within a small physical size, and therefore
is suitable as the actuation mechanism of the adaptive helicopter seat mount design.

Helmet Accelerometers

Body Accelerometer

Seat Frame

Piezo Actuators

Shaker Accelerometer

Shaker Table

Figure 4.3: Adaptive seat mount integrated on full-scale Bell-412 seat
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4.3 System Identification of Integrated Seat Hardware

The proof-of-concept adaptive seat mount, which included two stacked piezoelectric
actuators integrated as active struts, retrofitted on a full-scale Bell-412 helicopter seat is
shown in Figure 4.3. The two struts were connected to the sides of the seat pan and
attached to the L-shaped frame through precisely designed interface attachment
mechanisms to properly control the tilt angle. The tilt angle of the piezoelectric actuators
were set carefully to allow the adaptive mount to control the seat vibrations in both the
vertical and the fore-aft directions simultaneously. The integrated seat hardware was
placed on the mechanical shaker table with the 95" percentile mannequin strapped to the
seat to perform experimental system identification tests.

In order to evaluate the effectiveness of the two additional struts to modify the
dynamic properties of the Bell-412 seat, an experimental modal test was conducted on the
retrofitted hardware with the seated mannequin as previously discussed in Section 3.1. It
is important to note that the actuators were not active during the test but they behaved as
additional mechanical struts incorporated on the structure to increase the seat bending
stiffness. The major vibration modes of the modified seat extracted from experimental
modal analysis are shown in Figure 4.4.

The extracted modal parameters showed that first seat bending mode at 5.6 Hz
was shifted to beyond 50 Hz due to the addition of the two struts. Such increase in the
seat bending stiffness avoids the low frequency vibration amplification that was induced
by the dynamic coupling of the bending mode with the 1/rev rotor harmonic. The second
seat bending mode originally located at 43.2 Hz was also increased beyond 50 Hz.
Therefore, it was expected that the vibration due to these resonances be reduced after the
modifications of the seat with these additional struts to mitigate aircrew vibration levels.
However, the vibration modes at 9.7, 10.8, 16.6 and 19.7 Hz were virtually unchanged
due to this structural modification to the seat.

The actuation performance of the adaptive seat mount consist of the stacked
piezoelectric actuators integrated into the Bell-412 were also evaluated using the standard
system identification process. Actuating the piezoelectric actuators using sine tone

excitations at rotor harmonic frequencies showed that the adaptive mount system was
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able to generate sufficient vibration on the mannequin helmet to counteract the vibration

transmitted through the floor.

-

solid line: deformed shape
dot line: undeformed shape ~  _gll—

ode 2:10.8Hz

-

mode 1: 9.7Hz

-

mode 3: 16.6Hz mode 4: 19.7Hz

Figure 4.4: Modes of the Bell-412 seat integrated with active struts

In addition, system identification was performed by experimentally measuring the
transfer functions from the mechanical shaker input and the actuation of piezoelectric
struts to the mannequin helmet location in the fore-aft direction. This was achieved by
applying a linearly sweeping sinusoidal signal from 1 to 50 Hz at a rate of 1 Hz/sec to the
piezoelectric actuators and the mechanical shaker while the accelerometer response at the
helmet location was synchronously recorded in with the input signal. Using the
experimentally measured transfer functions, the System Identification Toolbox provided
with the MATLAB software was used to generate a linear parametric model in the State-
Space form. The Bode diagram obtained from the identified State Space model is shown
in Figure 4.5. It demonstrated that the vertical vibration input from the mechanical

shaker transmitted through the Bell-412 seat primarily excited the localized mannequin

73



helmet mode at 9.7 Hz and the vertical mannequin body mode at 16.6 Hz. It is important
to note that the two stacked piezoelectric struts were configured in parallel as one control
input channel in the present investigation. This parallel configuration provided effective
control authority over the vibration modes at 9.7 Hz and 19.7 Hz. As discussed in detail
in Chapter 3, the modal parameters vary depending on the mannequin mass, input level,
posture, et cetera. Therefore, adaptive control laws are required to perform on-line
identification of the transfer functions for effective vibration suppression of the aircrew
body vibrations when implemented in the operational situation.
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Figure 4.5: Transfer functions from piezoelectric actuator and mechanical shaker

4.4 Adaptive Control Law Development

Flight tests, discussed in Chapter 2, revealed that the aircrew vibration spectra are
dominated by N/rev harmonics of rotor dynamic load. In particular, the measured
aircrew body vibration was dominated by the 1/rev and 4/rev harmonic peaks while the
contribution from 2/rev and 6/rev harmonics was minor. Therefore, the control force

generated by the stacked piezoelectric actuators of the adaptive mount was required to
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primarily counteract the forced vibration loads at N/rev harmonics in order to provide
effective vibration suppression for the aircrew body. Secondarily, critical resonant
modes of the seated aircrew that are being excited due to random vibration were required
to be suppressed by the actuator forces. With a properly designed adaptive control
algorithm, the adaptive seat mount system was able to provide active vibration
suppression of the N/rev harmonics as well as controlling the resonant structural modes
to significantly reduce the vibration transmitted to helicopter aircrew.

The control objective of the control algorithm developed for this investigation
was to reduce the aircrew head vibration. In particular, the accelerometer that measured
the helmet vibration in the fore-aft direction was selected as the error sensor, while
accelerometers at the helmet in the vertical direction and the aircrew abdomen were
monitored for overall system performance evaluation purposes. Both piezoelectric
actuators on either side of the seat were electrically configured in parallel to operate with
a single control input channel. This configuration enabled the implementation of a
Single-Input-Single-Output (SISO) control system to control the adaptive helicopter seat

mount system.

4.4.1 Adaptive Notch Concept to Control Harmonics

There are several control approaches that have been used in the past to control harmonic
disturbances with varying degrees of success. Among these control strategies to
eliminate harmonic disturbances, Morgan and Stanford developed a promising controller
design approach that introduces “notches” at synchronous frequencies [129] to control
harmonics. For narrow-band applications, a reliable sinusoidal reference signal is used to
configure the Least Mean Square (LMS) as an adaptive notch filter by removing the
primary spectral components within a narrow band centered about the reference
frequency. Chen et al have shown previously that an adaptive notch controller
implemented with a Filtered-x Least Mean Square (FLMS) algorithm with a suitable
reference signal was able to cancel the helicopter rotor vibration [130]. This previously

published principle of a FLMS algorithm formulation shown in Figure 4.6 was used for
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the current investigation [131]. It is important to note that discrete time implementation

of the controller and plant model was used for the controller development.
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Figure 4.6: Adaptive notch controller diagram

Here, the disturbance d(k) represents the N/rev harmonic excitation forces to the aircrew
and the error signal e(k) is the acceleration at the aircrew helmet location. The reference

signal, control input and control output are denoted by x(k), u(k) and y(k), respectively.

Since the disturbance frequency @, is usually unknown to designers, an estimate of the

frequency, ., is necessary. Thereafter, the reference signal is synthesized as a

combination of sinusoids at the estimated frequencies as following:

=) "

i=1

The reference signal is filtered with magnitude and delay through the control path.
Assuming the transfer function of the control path is estimated as H(jw), the filtered

signal can be expressed as:

%, = H*x 4.3)
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The filtered signal is then adapted with the LMS algorithm as discussed previously in the
published references [132]. Simultaneously, the adapted control input u(k) is also

updated using the W(K) iterative weights as shown below;
U(K) =W (k) * X (k) (4.4)
The control signal generated by the FLMS algorithm is expressed as follows:

nu L 1 1
Y(z)=—E(z H(jo — +—
@ =~ E@XIRU) i+ Jomr

]

A A sin(C(A)‘_aA)k nT)
n oy AGa) I H a1 SN 5
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i=1 k=1 4 sm(%'r) ik (45)
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where, E(z) is an error signal. Assuming that no error in frequency estimate is present
and the control path is Linear Time Invariant (LTI), the first term in the control signal is
time-invariant, which produces notches at the estimated frequencies, while terms 2 and 3
are time-varying. However, if the length of the FIR filter, n, is comparatively long and

the convergence coefficient, 4, is relatively small, the time-varying components will be
small and can be neglected. As a result, an equivalent filter with a notch at frequency &,

will be obtained. The equivalent closed-loop transfer function between the harmonic

disturbance and the error output can be obtained as:

1
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If the disturbance frequency varies slowly with time, it is necessary to identify the
variation in frequency in real time to update the reference signal for the FLMS controller,
so that a tuneable notch filter can be formed adaptively. However, due to the nature of
identification, a frequency estimate error between @,and o, is inevitable. As a result,
the modulation between the error signal E(z) and the filtered reference signal X(z) will
lead to an oscillation in the weights of the FLMS algorithm. If the estimate error is small
so that the @, —®, component in the controller weight is stronger than @, + ®,, the
notch filter effect would also be present. Therefore, an efficient and accurate frequency

estimation method is essential for the algorithm to track the shift in the disturbance

frequencies.
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Figure 4.7: On-line identification of control path

4.4.2 Control Path Identification Method

As mentioned previously, the aircrew vibration frequency varies with the flight
conditions, aircrew weight, posture and many other factors. Therefore, the transfer
function of the control path, H(z), is time-varying and therefore needs to be estimated on-

line. The block diagram of a SISO adaptive feed-forward control law in Figure 4.7
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shows the identification process for the control path, represented by the transfer function
between the stacked piezoelectric actuators and the accelerometer at the helmet location.

By introducing white noise, v(k), into the control input as the identification excitation,
the response is measured by the error sensor. If the white noise and control signal are not
correlated, an estimate of the control path H(z) can be obtained using the LMS
algorithm. Assuming H(z) is represented by a FIR filter, the weights W, (k) can be

obtained through iteration as follows:

W, (k +1) =W, (k) + ,v(K)[(b(k) + d (k) - h(k) *u(k) —b(K)] (4.7)

By defining

o(k) = d(k) - h(k) *u(k) = d (k) — h(k) = w(k) * x(k) (4.8)

the adaptive law governing the weights of the control path is expressed as follows:

W, (k +1) =W, (K) + 2,v(K)[(b(k) + 0(k) —b(K)] (4.9)

Compared to the off-line system identification method, it can be shown that o(k)
represents a signal from the feed-forward controller. This parameter interferes with the
control path identification process, which may slow down the convergence speed and
even lead to a divergence of the process [133].

A compensation applied to o(k) as shown in Figure 4.8 is able to improve the
efficiency in the control path identification process. Because o(k) is a harrow band signal
that consists of multiple harmonic frequencies, it can be cancelled by introducing another
adaptive filter, G, which has multiple notches at the corresponding frequencies in order to
eliminate the interference in control path identification.

The filter G can be designed for frequency o, as seen from Figure 4.9. Only two

weights are needed to cancel one frequency, which can be expressed as
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On- line Control Path Identification
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The equivalent transfer function of the filter is as follows:
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Figure 4.8: Compensator for control path identification

As long as a reliable reference signal that includes controllable sinusoidal

interference is available, the adaptive notch filter automatically creates a notch over each

sinusoid and tracks its frequency drift. Therefore, this adaptive notch filter provides a
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simple and effective alternative to other methods of tracking and eliminating N/rev

harmonics in the helicopter seat vibration control application.
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Figure 4.9: Adaptive notch filter

4.4.3 Reference Signal Synthesis Method

A reliable reference signal is very important for the successful application of the FLMS
algorithm for vibration control because it guarantees that the controller is stable in the
closed-loop system. Among number of proposed approaches, the signal synthesis
method based on digital signal processing techniques was selected because it avoided
introduction of feedback loops to the control path. This reference signal synthesis
approach guarantees that the controller is purely feed-forward and stable. This technique
also assumes that the variation of disturbance frequency is slow, which is appropriate for
helicopter vibration control applications.

Accurate and efficient estimate of the disturbance frequency is necessary to
achieve reliable cancellation of harmonic vibrations transmitted to aircrew through the
seat. There are two approaches, namely, non-parametric and parametric, that were used
to estimate the frequency content of a signal based on a finite set of data observations.
The non-parametric methods are based on the Fast Fourier Transform (FFT) technique.
Since the accuracy of this method depends on the length of the data series, comparatively
long data series are required to obtain an accurate estimate. Therefore, this type of FFT
based frequency estimation method is not suitable for real-time applications. The high
computational burden of FFT analysis is another challenge for real-time controller
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implementation. An alternative approach is to use a parametric method that is based on
digital signal processing techniques. Although it is relatively fast, this approach provides
high resolution frequency estimates despite short data series, making it an attractive
approach for the present adaptive control algorithm. The parametric method uses a
predetermined model to estimate the frequency components of the signal. A covariance
autoregressive (AR) method is adopted in the present investigation. The AR model can

be expressed as:

K K

P Z_l = =
) Az?) 1+a,z%+a,z° +---+a,,z7"" (4.12)

where, g, K and a; are model order, scalar gain and coefficients, respectively. Due to

the fact that the poles of the AR model correspond to the estimated frequencies, the
frequencies can be calculated from the AR polynomial once an estimate of the AR model
coefficients is obtained. Therefore, a reference signal for the adaptive algorithm could be
synthesized as a linear combination of multiple sinusoids as shown in Eq. 4.2.

An effective adaptive controller to counteract helicopter rotor harmonics was
successfully developed with such a synthesized reference signal. Since the harmonic
frequencies in aircrew excitation are estimated on-line and selectively included in the
reference signal, the algorithm does not only suppress vibration modes selectively, but
also tracks the change in the vibration spectra. In this investigation, the floor vibration
that excites the seat frame measured directly by an accelerometer was used as the
reference signal in the adaptive feed-forward control law. This approach guaranteed that

the FLMS control system was stable in the closed-loop system.

4.4.4 Stability of the FLMS Control Algorithm

The stability of the FLMS control algorithm has been demonstrated in a variety of
situation even when the coefficients change within the time scale associated with the

dynamic response of the forward path [134]. The statistical expectation operator is used
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in order to investigate the stability of the FLMS algorithm, making the problem
deterministic similar to the LMS formulation. This was performed by diagonalizing the
algorithm in Eq. 4.9 using the orthonormal transformation to express it as a set of
independent scalar equations [135]. In order to ensure that the action of the LMS

algorithm is stable, the maximum value for the convergence coefficient, u, step length

should be given approximately by:

< ERe@) (4.13)

where, E is the expected value operator.

However, in the case of the FLMS algorithm, Elliot et al. [136] have found that
the maximum step length x not only depends on the length of the adaptive filter and
filtered reference signal but also on the delays in the forward path C. If the filtered
reference signal X(z) is a white noise process it has thus been found that an upper limit

for the step length u is given by:

2
Hmax = g rez()1(M + 8)

(4.14)

where, M is the number of filter coefficients and & is the overall delay in the forward path
in samples. In practice, the FLMS algorithm exhibits stable behaviour even when the
coefficients change within the time scale associated with the dynamic response of the
forward path [134,135].

4.4.5 Simulation of the Adaptive Notch Control Algorithm

A numerical simulation was conducted using the SIMULINK tool provided as an
extension in the MATLAB software to verify the performance of the adaptive notch
control algorithm for the helicopter seat mount application. The control objective was to

mitigate the vibration level at the pilot helmet because the associated dynamic load was
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assumed as the primary source that contributed to the severity of the aircrew neck and
back injuries. Therefore, the accelerometer that measured the helmet vibration in the

fore-aft direction was used as the error signal for minimization.
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Figure 4.10: SIMULINK block model for seat vibration simulation

Simulation of the vibration control using the aforementioned adaptive feed-
forward control law required knowledge of both the dynamics of the secondary control
path and the vibration levels as measured by the error sensor. The primary control path
represented the vibration disturbance input to the aircrew, which is generally complex in
nature. In this simulation, the vibration levels measured at the pilot helmet location
during flight test was directly used as the disturbance signal. As discussed previously,
the secondary control path was experimentally identified as shown in Figure 4.5. The
helicopter floor and aircrew helmet vibration spectra recorded from the flight test was
used as the reference data for this simulation to evaluate controller performance. Studied

flight conditions included ground, hover, and forward cruise conditions. The SIMULINK

84



block diagram used for dynamic simulation to evaluate the performance of the feed-
forward controller based on adaptive notch filter with FLMS algorithm is shown in
Figure 4.10.

It is also important to note that the numerical simulation was conducted primarily
to provide a qualitative feasibility evaluation of the adaptive control approach to mitigate
the aircrew vibration levels. Vibration simulation results predicted for the fore-aft
direction of the aircrew helmet for the translational flight condition are shown in Figure
4.11. The impact of the proposed mechanical struts on the structural dynamics of the seat
structure was not considered in this simulation. Therefore, the “no control” curve
represented the aircrew helmet vibration level without additional stiffness due to
mechanical struts, while the “control” curve represented the predicted helmet vibration
level with the actuation forces generated by the selected piezoelectric actuators to

counteract the input vibration.
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Figure 4.11: Simulation of aircrew helmet vibration in translational flight condition

Simulation results showed that the vibration levels experienced by the aircrew can
be reduced through adaptive control of the stacked piezoelectric actuators in all
representative flight conditions. The feed-forward controller based on adaptive notch
filter with FLMS algorithm was capable of counteracting harmonic vibration under

varying excitation conditions.  Simulation results demonstrated that the stacked
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piezoelectric actuators were able to reduce the 1/rev and 4/rev peaks in both fore-aft and
vertical directions on the aircrew helmet. The suppression to 1/rev and 4/rev peaks could
result in an overall reduction of the aircrew body vibration by 33.1% in the fore-aft
direction and 28.1% in the vertical direction.

As expected, high displacement capability was required to counteract the 1/rev
harmonic, while the requirement for the 4/rev harmonic was less than 0.1 mm. In
addition, high force was required for the suppression of the 4/rev peak during high speed
cruise flight conditions. Based on the nominal displacement of 0.2 mm and 1000 N force
capability of the selected stacked piezoelectric actuators, effective suppression of the
vibration at the 4/rev harmonic could be achieved using the proposed adaptive seat mount

system.

4.5 Feedback Algorithm for Resonance Vibration Control

Although the feed-forward control algorithm to suppress N/rev harmonics was the
primary controller, a secondary feedback controller was implemented simultaneously to
suppress the resonant modes of the seated mannequin that are excited due to random
vibration. In order to simplify the robust feedback controller development for this
secondary controller, the actuator plant was assumed to be LTI because the stroke
generated by the stacked piezoelectric actuator was small. Based on these assumptions,
the Linear Quadratic Gaussian (LQG) regulator was chosen in the present investigation
for the feedback control algorithm for its simplicity and inherent robustness. The chosen
LQG regulator had inherent advantages in balancing performance and control effort, as
well as the capability to take process and measurement noise into account. Based on the
identified plant model, a SISO control law was developed to regulate the stacked
piezoelectric actuator system.
Using the State-Space model of the dynamic system and assuming a linear state
feedback law
u=-KX (4.15)
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together with a quadratic cost function
J(u):j:{xTQX +2XTNU +UTRU Mt (4.16)

forms the LQG with the states estimated by a Kalman filter with noise based weighting
matrices. The performance of the LQG regulator was measured by a quadratic
performance criterion and the weighting matrices Q, N, R listed in the Eq. 4.16 were
defined to trade-off between performance and control effort. The State Space
representation of state feedback compensator together with Kalman filter is shown in
Figure 4.12.
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Figure 4.12: LQG compensator with Kalman-filter

The MATLAB software was used to compute the gain matrix K by solving an
algebraic Riccati equation. The software provided a flexible platform to derive the gain
matrix by balancing the performance and control effort. This LQG feedback controller
was also implemented using SIMULINK in parallel to the feed-forward control
algorithm. Similar to the FLMS based feed-forward control algorithm, the control
objective of this LQG feedback control algorithm was also to minimize the vibration of

the aircrew helmet. Therefore, the accelerometer signal that measured the helmet fore-aft
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vibration was selected as the error sensor. The details of this well established LQG
control law, consisting a full-state regulator in series with a Kalman state estimator, are
not discussed in here because it has been published previously by a number of prominent
authors [137].

4.6 Controller Implementation Platform

The control algorithm was implemented in real-time on the full-scale Bell-412 helicopter
seat integrated with the adaptive mount system using the MATLAB based xPC Target
hardware platform. The hardware components of the real-time controller implementation

platform used for closed-loop control tests are shown in Figure 4.13.

Real-time monitor

Input/Output interface
xPC Target computer
Host computer

Figure 4.13: xPC Target hardware components

This real-time control computer system operated with the SIMULINK software
allowed rapid control algorithm prototyping and hardware-in-the-loop experiment for
efficient controller implementation as well as optimization of control parameters. A real-
time executable code was generated from the SIMULINK block diagram of the controller

design on the host computer and then transferred to the xPC Target computer to run in the
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real-time mode. This real-time control system was capable of handling large state-space
models with high state counts and provided the flexibility to configure the control law
with user-defined input, output and control parameters for various control algorithm
implementations. The xPC Target hardware interfaced seamlessly with sensors and
actuators on the full-scale adaptive helicopter seat mount system installed on the shaker
table. The available input and output options from the SIMULINK blocks were used to
connect to the output of the error sensor, namely, the accelerometer that measured the
helmet vibration in the fore-aft direction, as well as the control input to the power
amplifier that energized the piezoelectric actuators. The ability of this hardware-in-the-
loop control system to use the same software for tests as well as in simulations
significantly enhanced the efficiency in control law development as well as
implementation. It allowed rapid control algorithm prototyping and control signal

verification prior to implementation.

4.7 Experimental Performance Verification

The performance verification of the adaptive seat mount system to mitigate aircrew
exposure to vibration was conducted using extensive closed-loop control experiments on
the retrofitted full-scale Bell-412 helicopter seat.  The objective was to verify the
reduction of N/rev harmonic peaks as well as resonance modes of the mannequin excited
by representative helicopter floor vibration spectra. The 10,000 Ib(f) Unholtz-Dickie
mechanical shaker test facility was used to provide simulated helicopter floor vibration
profiles to the seat frame in the vertical direction as shown in Figure 4.3. The active
control of the two piezoelectric actuators of the adaptive seat mount was achieved using
the MATLAB xPC Target hardware platform with the SIMULINK software. In the
experiments, the “no control” vibration response curves represented the cases that the
seat was integrated with the non-actuated piezoelectric stack actuators as passive stiffness
struts, while the response curves labeled as “control” represented the cases that the
actuators of the adaptive mount were actively controlled by the real-time control

algorithm.
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4.7.1 Sinusoidal Vibration Spectrum Test

Sinusoidal tones were used as the shaker excitation to simulate the N/rev harmonic
excitations of the Bell-412 helicopter on the aircrew seat frame. Four major harmonic
peaks were generated using the mechanical shaker, namely, the 1/rev, 2/rev, 4/rev and
8/rev; and the fundamental harmonic frequency was set at 5.4 Hz to correlate with the
rotor speed of the Bell-412 helicopter. The amplitude of each harmonic frequency was
set to 0.03 g and the overall input vibration was 0.045 g-rms. Although the input
vibration level represented only 25% of the floor vibration level at 120 kts cruise flight,
the vibration measured on the mannequin helmet was comparable to the level of the pilot
helmet location during the fight test. This is attributed to the significant impedance
differences between the very rigid shaker table and the relatively flexible helicopter

fuselage floor that may have provided additional vibration reduction.
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Figure 4.14: Vibration control results under sinusoidal harmonic profile
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The adaptive seat mount system was able to effectively reduce mannequin
vibration levels at all critical measured locations using the real-time controller based on
the adaptive notch control algorithm. As shown in Figure 4.14, the four plots described
the helmet vibration measured in all three axes as well as the body vibration in the
vertical direction. Through adaptive control of the two stacked piezoelectric actuators
using the adaptive feed-forward control law, the overall vibration levels at the mannequin
helmet location and the body locations were reduced effectively and simultaneously. The
2/rev harmonics in the front-back direction of the helmet location was reduced by 68%;
the 4/rev harmonic reduced by 25% and the overall vibration levels in the front-back
direction reduced by 52%. Although the vertical and side vibrations at the helmet
location were not included as an error signal in the control strategy design, the overall
vibration levels were also suppressed simultaneously, with 10% reduction in the vertical
direction and 23% reduction in the lateral direction. Considering the vibration in all three
directions, the equivalent overall vibration level was reduced by 35% at the mannequin
helmet location. Moreover, the vibration level at the mannequin abdomen location was
also suppressed by 35% with the 2/rev harmonic reduced by 49%. Despite the dynamic
nonlinearity of the seat cushion and mannequin body, no significant control spillover was

observed due to the counteracting force produced by actuators.

4.7.2 Combined Vibration Profile Test

Closed-loop experiments performance verification tests were also conducted using
combined vibration profiles which included the N/rev harmonic tones in addition to the
background random spectrum. The N/rev harmonic spectrum was kept the same as in the
sinusoidal spectrum test discussed previously. The random vibration spectrum covered
the frequency range from 4 to 50 Hz as specified by MIL standard, and the level was kept
at 0.02 g-rms. This combined vibration input profile that represented the helicopter floor
vibration generated an overall input vibration level of 0.05 g-rms from the shaker to the
seat frame in the vertical direction.

The vibration spectrum at the mannequin helmet and body locations with the “no

control” condition was dominated by the 2/rev and 4/rev peaks as shown in Figure 4.15.
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As expected, the seat/mannequin modes at 9.7 Hz and 16.6 Hz were also excited by the
random vibration input. Similarly, the dynamic coupling of the vertical mode at 10.8 Hz
with the 2/rev harmonic resulted in the highest peak, and the 4/rev harmonic was also

found prominent in the mannequin body vibrations.
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Figure 4.15: Vibration control results under combined vibration profile

The adaptive feed-forward control law achieved simultaneous suppression in
major N/rev harmonics while the feedback controller reduced the resonant peaks of the
mannequin vibrations. Closed-loop control results demonstrated significant vibration
reduction at the mannequin helmet location, namely, the 2/rev harmonic in the fore-aft
direction was suppressed by 69% and the 4/rev harmonic reduced by 50%. For the
resonant peaks, the localized helmet bending mode at 9.7 Hz was reduced by 44%.
However, the mode at 16.6 Hz was not controlled effectively. As a result, the overall

vibration level in the fore-aft direction was suppressed by 39%. Similar to the previous
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control attempt, both the helmet vertical and side vibrations have been reduced by 7%
and 16%, respectively. No significant control spillover was observed in this closed-loop
active control test. The overall equivalent vibration reduction at the helmet location was
26% when considering the vibrations in three directions. Notably, vibration at the
mannequin abdomen location was reduced by 33%. The 2/rev and 4/rev harmonics at the
abdomen location was suppressed by 50% and 26%, respectively. In addition to forced
excitation peaks, the resonance vibration modes at 9.7 Hz and 16.6 Hz at the abdomen
location were suppressed by 53% and 23%, respectively.

4.7.3 Discussion of the Adaptive Mount Performance

Based on extensive closed-loop control experiments, significant vibration reduction at the
mannequin helmet location was demonstrated through adaptive real-time control of the
two stacked piezoelectric actuators integrated on the full-scale Bell-412 helicopter seat.
The adaptive feed-forward control law achieved simultaneous suppression in major N/rev
harmonics while the feedback controller reduced the resonant peaks of the mannequin
vibrations. The control results demonstrated significant vibration reduction at the
mannequin helmet location at 2/rev as well as 4/rev harmonics to the rotor frequency. In
addition to the reduction in forced excitation peaks, the resonance vibration modes were
also suppressed effectively by the adaptive seat mount system implemented on the full-
scale Bell-412 helicopter seat.

However, the closed-loop control results showed no appreciable reduction to the
1/rev harmonics excitation of the mannequin helmet. Several factors contributed to this
effect. First, integration of the piezoelectric actuators as structural struts increased the
structural stiffness of the seat to move the bending vibration mode at 5.4 Hz out of the
low frequency regime to reduce the response generated by the 1/rev excitation frequency.
Therefore, the modified full-scale Bell-412 seat integrated with the adaptive mount
system was not susceptible for 1/rev excitation similar to the original seat structure.
Secondly, the objective of feed-forward control law was to minimize the root mean
square value of the error signal, which was selected as the fore-aft acceleration at the

helmet location. This would imply more control weights are applied to the 2/rev and
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4/rev harmonics as the amplitudes were significantly higher when compared to 1/rev.
Thirdly, since the 1/rev was lower in frequency, it required a larger stroke from the
actuators to achieve effective vibration suppression. However, the currently used stack
piezoelectric actuators may not have provided sufficient stroke to counteract the low
frequency vibration. Vibration reduction performance at 1/rev may be improved by using
stroke improved actuators for the adaptive seat mount design.

In this investigation, it is important to note that the vibration input from the shaker
was limited to 25% of the nominal Bell-412 helicopter floor vibration levels at 120 kts.
The control authority of stacked piezoelectric actuators was also intentionally limited to
50% of its full capacity to protect the delicate and expensive actuator hardware.
However, the proof-of-concept adaptive seat mount system has shown very promising
results that verifies reduction in the mannequin body vibration levels without significant

modification to the helicopter structure.

4.8 Summary and Conclusions

In summary, a novel adaptive helicopter seat mount design, which included two stacked
piezoelectric actuators to counteract the forced excitation, was developed to provide
effective aircrew vibration suppression to reduce adverse health effects. This unique
implementation of an active vibration control system for the helicopter seat vibration
reduction application is one of the main contributions of this thesis. Extensive dynamic
simulations were used in the design process to determine the actuators specifications and
develop the feed-forward control algorithm with an adaptive notch controller to control
multiple rotor harmonics in a broad frequency band.

Another important contribution of this research is the successful implementation
of a proof-of-concept adaptive helicopter seat mount retrofitted on a full-scale Bell-412
aircrew seat to demonstrate vibration suppression performance. A real-time control
computer was used to implement the Filtered-x Least Mean Square feed-forward control
algorithm based on adaptive notch filters to suppress forced vibration frequencies as well

as a robust feedback control law simultaneously to suppress resonance modes. Closed-
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loop control experiments performed using shaker tests verified that the proposed adaptive
seat mount methodology is able to provide significant reduction in N/rev harmonic peaks
as well as reduce the resonant modes under representative helicopter vibration spectra.
This investigation verified that the adaptive seat mount based on active control

technology is a viable solution for the helicopter seat vibration control application.
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Chapter 5

Investigation of Energy Absorbing Seat Cushion Materials

This chapter investigates the use of novel energy absorbing seat cushion materials to
reduce the vibration transmitted to the aircrew in order to mitigate the associated health
issues. Although the modifications to the seat structure with active or passive struts
provide significantly high vibration suppression performance for the aircrew, the
implementation of these solutions in operational aircraft require an expensive and long
airworthiness certification effort as indicated by literature surveys and discussions with
technical personnel. Further investigations suggested that replacing the cushion material
on a helicopter seat is a low cost solution with less certification effort, even though it
provided relatively lower vibration suppression performance compared to modifications
to the seat structure. Therefore, energy absorbing seat cushion materials were evaluated
to mitigate vibration in Bell-412 helicopter seats, particularly to reduce the vibration
amplification measured at low frequencies. Material characterization tests using the
mechanical shaker facility and flight tests on the NRC Bell-412 helicopter were used to

validate the novel cushion materials to mitigate the vibration transmitted to the aircrew.

5.1 Helicopter Seat Cushion Design

Helicopter aircrews, particularly of military rotorcraft, are often required to spend long

periods of time in their seats while performing their primary duties. Military helicopter
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pilots are known to routinely spend up to 6+ hours in their seats performing operations
that include pre-flight, flight, and post-flight tasks. Therefore, the seat cushion design
directly impacts the crew comfort. As the primary contact point for the transmission
vibration or shock forces, helicopter seat cushions are designed to dissipate some energy
prior to transmitting these forces to the human body. Therefore, proper selection of the
cushion material with optimized impedance properties can significantly reduce the

aircrew exposure to vibration.

5.1.1 Applicable Cushion Design Requirements

Classical passive vibration isolation techniques based on transmissibility plot indicate
that the resonance frequency of the mechanical system is required to be 4 to 5 times
lower than the lowest harmonic frequency of the excitation input to achieve effective
isolation [138]. Such a design requires the Bell-412 helicopter seat cushion to have an
impractically low stiffness that generates a large displacement to isolate the 1/rev rotor
excitation frequency at 5.4 Hz. This is stipulated in MIL-STD-81771A, which states that
the cushion design must avoid introducing dynamic overshoot of the system to guarantee
stability while ensuring comfort and durability [139]. This helicopter seat design
standard also requires that the cushion is not displaced or separated from the seat during
aircraft manoeuvres, crashes, or occupant motion. For vibration isolation, the MIL-STD-
85510 stipulates that the “occupied and unoccupied seat shall be free of resonance within
the frequency range of the aircraft in which it will be used and no amplification shall
occur” [9]. These design requirements must be considered in selecting novel cushion
materials for the Bell-412 helicopter seat application as adhering to these standards is
essential to gain airworthiness certification for any potential seat cushion design.

5.1.2 Proposed Cushion Modification Approach

As discussed in the flight tests in Chapter 2, the level of vibration of the aircrew is
influenced by several factors, including the flight condition, aircrew weight, posture, and

dynamic characteristics of the seat, amongst many other factors. Modification to the seat
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cushion was considered as a low-cost solution that could be implemented as near-term
solution to mitigate vibration induced health issues in helicopter aircrew. Conventional
cushions typically increase the transmission of vertical vibration at low frequencies in the
vicinity of the primary human whole-body resonance (4-8 Hz) while attenuating the
transmission of vibration at higher frequencies [140]. This amplification of low
frequency vibration was evident from the aircrew vibration measured during the Bell-412
helicopter flight test. However, the Z-direction vibration transmission path spectra for
both the pilot and co-pilot shown in Figure 2.11 indicate that the original in-service
cushion used in the Bell-412 helicopter seat achieved significant reduction in high
frequency vibration, although it amplified the low frequency vibration.

Therefore, the proposed approach was to use the properties of the existing cushion
for high frequency vibration reduction while integrating a novel energy absorbing
cushion material with appropriate impedance properties to reduce the low frequency
vibration amplification. In an attempt to evaluate novel seat cushion materials to reduce
low frequency vibration transmitted through the seat structure, various commercially
available cushion materials were preliminarily tested in the laboratory using the shaker
tests to characterize the material. Thereafter, the performance of selected cushion
materials to improve vibration aircrew exposure was verified using the NRC Bell-412
helicopter under typical flight conditions. It is important to note that this effort was not
to develop new cushion materials but to investigate the use of commercially available

novel cushion materials as a low cost solution for the helicopter seat application.

5.2 Evaluated Novel Cushion Materials

Based on literature search, a database of novel cushion materials used for similar
vibration reduction applications was established. Priority was given to identify novel
energy absorbing materials that have been used for other vibration reduction applications
that can be used for the helicopter seat application. In addition, consideration was given
to materials that have been used for low frequency vibration reduction applications such

as insoles in shoes. This is because the frequency of the walking rhythm is
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approximately 2 Hz, which is the same frequency range as the 1/rev rotor harmonic.
Consideration was also given for cushion materials that have been used in the aircraft
industry to minimize the certification process in retrofitting the Bell-412 helicopter seats
with the selected novel cushion materials. Based on the above criterion and energy
absorbing performance, engineered cushion known as Hybrid Air Cushioning System and
viscoelastic polyurethane material were chosen as two of the primary cushion materials to
be investigated for low frequency vibration suppression in the Bell-412 helicopter seats.
Both of these cushion materials were chosen for this study not only due to their superior
vibration suppression performance but also due to the fact that they were commercially
available in a variety of forms and therefore facilitate the development of a low cost

solution for the helicopter seat application.

5.2.1 Hybrid Air Cushioning System - Mitigator

An engineered cushion that incorporates an unique Hybrid Air Cushioning System
(HACS) known as Mitigator has been used recently in impact protection seating
structures and blast resistant flooring systems [141,142]. This HACS is designed to
transfer the vertical impact energy through a series of internal bleed ports and passages to
absorb energy [143,144]. The picture of the Mitigator cushioning structure in Figure 5.1
shows the hexagonal cells with interconnecting vents that forces the airflow in the
cushion to choke. It is this choked airflow that bleeds the energy and redirects much of

the energy laterally instead of through the thickness of the cushion.

Figure 5.1: Mitigator cushioning structure with interconnected vents
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The 17 thick Mitigator cushion pads were manufactured by Sea Systems Inc. in
Clarksville, VA, USA with three different material variations to evaluate vibration
suppression performance, namely, urethane, monoprene, and uniprene. Relevant
properties of these material types used in the construction of Mitigator cushions provided
by the manufacturer are listed in Table 5.1. In the table, durometer is a measure of

hardness used for polymers and a higher durometer value indicates increased resistance to

permanent indentation.

Table 5.1: Material properties of Mitigator cushions

Material Tensile Durometer | Specific Tensile Young’s
Type Strength (psi) O] Gravity (-) | Elongation (%) | Modulus (psi)
Mitigator — Urethane 595 31 111 975 102
Mitigator - Monoprene 700 42 1.22 700 70
Mitigator — Uniprene 330 25 0.91 375 85

Although the Mitigator cushion has not been investigated previously for
helicopter seat vibration suppression application, it has been used by the US Navy on the
Cobra AH-1W helicopter seat to improve its crash safety. Therefore, the urethane
material used in the Mitigator cushions have passed the flammability tests in accordance
to the FAR 25.853 aviation standard, as required for aerospace application of these novel

energy absorbing cushions.

5.2.2 Viscoelastic Polyurethane - Sorbothane

Viscoelastic polyurethane commercially known as Sorbothane is another novel cushion
material chosen to be investigated for low frequency vibration suppression in the Bell-
412 helicopter seats. Sorbothane is a highly-damped, viscoelastic thermoset material
based on polyurethane used for shock and vibration suppression applications [145]. This
soft polyurethane cushion material is produced by Sorbothane Inc. in Kent, OH, USA.
Although the supplier only provided Sorbothane material pads with thickness of 1”” and

0.25” for this study, the thickness of 0.5” was configured by adding two layers of 0.25”
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pads. This material exhibits hysteresis characteristics that absorb the mechanical energy
through molecular friction that generates heat during deformation. The heat generated
through this mechanism is dissipated efficiently through the material to avoid significant
rise in the temperature. The Sorbothane material is currently being used extensively in
manufacturing anti-vibration gloves, palm pads, tool wraps, and shoe insoles to minimize
the effects of impact energy. Although this material has been used in seat cushion, it has
not been investigated for helicopter seat application. The relevant properties of three
variations of Sorbothane material provided by the manufacturer are listed in Table 5.2.

Table 5.2: Sorbothane material properties

Material Tensile Durometer Specific Tensile Young’s
Type Strength (psi) ) Gravity (-) Elongation (%) | Modulus (psi)
Sorbothane-30 83 30 1.37 582 90
Sorbothane-50 123 50 1.36 568 105
Sorbothane-70 206 70 1.36 399 120

5.2.3 Material Characterization using Shaker Tests

Accurate measurement of these parameters was critical to evaluate the performance of
these novel materials to reduce vibration in helicopter aircrew. In addition, it was
important to verify the damping and stiffness properties provided by the material
suppliers to use them with confidence in the biodynamic model discussed in Section 3.3.
Therefore, inverse characterization was performed to determine the relevant properties of
the Mitigator and Sorbothane cushion materials using the mechanical shaker [146]. This
was achieved by experimentally measuring the vibration response of the cushion material
under the influence of random excitation input to represent the 1 DOF mass-spring
model. The cushion material was placed on the vibration table driven by a programmable
vibration controller set up to generate random vibrations within the frequency range of 3
Hz to 100 Hz. A known mass, M, of 26 kg was glued to the cushion material to generate
both tension and compression by moving the mass freely in the vertical direction. In

addition, one third of the mass of the cushion material, m_, was also included in the
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effective total mass for the cushion based on published data on oscillating springs [147].
One accelerometer was placed on the shaker table to measure the excitation input and

another accelerometer was placed on the moving mass to measure the response output.

____Response Accelerometer |

=== Known Mass

Input Accelerometer
Shaker Table

TestSample

I( Electrodynamic Shaker

Figure 5.2: Shaker test setup to extract cushion material properties

The MATLAB software was used to generate the Frequency Response Function
(FRF) using the experimentally measured excitation and response acceleration signals in

accordance to the H; formulation in Eg. 3.2. In addition, the MATLAB software was
used to extract the damped vibration frequency, f,, and the associated damping ratio, &,
of the 1 DOF mass-spring model through the curve fitting technique. The natural

frequency, f,, of the mass—spring system was derived as follows:

f
f,=— 5.1
The following equation was used to calculate the stiffness, k :
ke = (27, my, (5.2)

where, the total mass m,,=m + % m, is used for the calculation. The viscous damping,

C.s for the cushion material was calculated as
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Cc =2&kem¢ (5.3)

Based on shaker tests, the material properties shown in Table 5.3 were extracted for

various novel cushions and their combinations with the original in-service cushion.

Table 5.3: Extracted material properties of cushion material

Material fq 3 m. kC Ce

Combination (Hz) ) (kg) (Pa m) ¢)
Urethane 35.29 0.10 3.50 1278310 1140
Monoprene 27.46 0.04 3.00 773990 341
Uniprene 34.09 0.06 3.50 1192850 663
Sorbothane - 0.25" 41.52 0.11 1.50 2041425 1665
Sorbothane -1.00" 46.13 0.12 7.00 2268250 1850
Original cushion 8.79 0.12 5.00 76260 322
Urethane + Original 8.19 0.12 8.50 68850 325
Monoprene+ Original 8.19 0.10 8.00 66880 272
Uniprene+ Original 8.29 0.11 8.30 67650 281
Sorbothane 0.25” + Original 8.79 0.10 7.60 77400 325
Sorbothane 0.5"+ Original 8.79 0.11 8.00 79300 328
Sorbothane 1.0"+ Original 8.79 0.12 12.00 82360 345

These extracted material properties were verified by comparing with the data
provided by the manufacturer of Sorbothane, the only supplier that provided complete set
of material properties. For example, the manufacturer reported k_ of 2,268,000 Pa-m and
c. of 1850 for Sorbothane material with 17 thickness and these values resulted in
experimental error of 2.5% and 0%, respectively. This comparison provided the
confidence in extracted material properties of the remaining cushion materials.

Based on experimentally extracted properties of cushion materials, the MATLAB
software was used to determine the composite parameters of two cushion materials

mechanically integrated in a series configuration. The experimentally acquired FRF for
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the original cushion integrated with 17 thick Sorbothane pad compared with the dynamic
model developed from extracted parameters of individual cushion components is shown
in Figure 5.3. This comparison proves that the dynamic model developed in this study

was able to represent the response of combined cushion effectively.
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Figure 5.3: Experimental FRF and dynamic model of combined cushion

The extracted parameters of these cushion materials were used in the biodynamic
model to evaluate the effectiveness of various seat cushion material combinations to
mitigate vibration on helicopter aircrew. The dynamic simulation results showed only
marginal improvement in aircrew helmet vibration reduction due to integration of
cushion combinations. This was due to the simplicity of the model that could not
accommodate the effects of highly non-linear cushion materials. Therefore, it was
necessary to investigate the performance of the novel energy absorbing cushions through
shaker tests as well as flight tests by integrating them with the original cushion of the

full-scale Bell-412 helicopter seat.

5.3 Mechanical Shaker Tests to Extract Material Properties

The mechanical shaker tests using the large electrodynamic shaker as described in
Section 3.1.2 was used to evaluate the effect of novel cushions in the laboratory to reduce
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aircrew vibration. This task was accomplished by performing base excited vibration tests
on the full-scale Bell-412 helicopter seat by integrating combination of novel cushion
materials. The shaker was excited using a random signal generated in the 3 Hz to 50 Hz
band with an amplitude of 0.25 g-rms to measure the vibration transmissibility variation
due to various cushion combinations. The accelerometer placed on the shaker table in the
Z-direction was used as the reference and the response of the 95™ percentile male
mannequin was measured using accelerometers installed on the bottom seat cushion
interface in both Z and X directions. Only the accelerometer data at the cushion interface
location was used as the primary measurement to assess the effect of the whole body
vibration exposure on aircrew as per the ISO 2631 standard discussed in Section 2.3.3.
The acceleration measured in RMS was used to evaluate the overall magnitude of
vibration across the entire frequency range of the vibration input.

Table 5.4: Percentage of reduction for each cushion combination based on g-rms

Cushion Combination Z-Direction | X-Direction | Overall
Urethane + Original 6.0% 8.8% 7.4%
Monoprene+ Original -0.9% -2.5% -1.7%
Uniprene+ Original 3.4% 0.0% 1.7%
Sorbothane 0.25” + Original ' 6.8% 5.0% 5.9%
Sorbothane 0.5"+ Original 5.1% 7.5% 6.3%
Sorbothane 1.0"+ Original 6.0% 5.0% 5.5%

Compared to the original in-service cushion used in the Bell-412 helicopter, the
percentage of reduction in vibration measured in both Z and X directions on the interface
for selected novel cushion combinations are shown in Table 5.4. The results show that
combining the original cushion with novel energy absorbing cushion materials, except for
the Mitigator cushion manufactured with monoprene material, provided appreciable
reduction in vibration transmitted to the aircrew. Although the reduction is relatively
small, it was achieved without significant structural modifications to the seat. The
original in-service cushion with the urethane cushion showed the highest overall

reduction of 7.5%, followed by the Sorbothane material of 0.5 thickness which showed
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an overall reduction of 6.3%. In contrast, integrating the original cushion with the
Mitigator cushion manufactured with monoprene material showed an increase in

vibration in both the X and Z directions.
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Figure 5.4: Comparison Mitigator materials using FRF in the Z direction
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Figure 5.5: Comparison Mitigator materials using FRF in the X direction

The variation in the transmissibility, particularly in the Z and X directions, by

integrating urethane, monoprene and uniprene materials with the original cushion are
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shown by FRFs in Figure 5.4 and Figure 5.5, respectively. The results show that the
transmissibility amplitudes vary significantly with frequency. Therefore, it is important
to select the cushion material combination taking into account the forced vibration
frequencies transmitted to the seat due to N/rev rotor harmonics.

Similarly, the variation in the transmissibility in the Z and X directions by
combining the original bottom cushion with the Sorbothane materials of 0.25”, 0.5” and
1.0” thicknesses are shown in Figure 5.6 and Figure 5.7, respectively. These results also

show that the transmissibility amplitudes vary significantly with the input frequency.

2.0

original
sorbothane 0.25"+original
-------- sorbothane0.5"+original
—=—== sorbothane 1"+original

/

Amplitude

0.5 I
3 5 10 15 20 25 30 35 40 45 50
Hz

Figure 5.6: Comparison Sorbothane materials using FRF in the Z direction

The base excited vibration tests performed on the full-scale Bell-412 seat using
the mechanical shaker were used to evaluate the vibration absorption characteristics of
novel energy absorbing cushion materials, namely, Mitigator and Sorbothane. However,
mechanical shaker tests were not able to confirm their vibration suppression performance
on helicopter aircrew under realistic conditions in the helicopter due to several
shortcomings of this preliminary investigative tool. For example, the impedance
properties of the structural boundary condition was significantly different, specifically,
the seat was clamped on to the stiff vibration table for the shaker tests while the
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helicopter floor was relatively flexible. In addition, the mannequins used for the shaker
tests only represent the distributed weight of the aircrew and it did not sufficiently
represent the characteristics of the human body. These differences, amongst others, make
it impossible to represent the realistic helicopter aircrew vibration environment using
mechanical shaker tests to determine the aircrew vibration performance of novel cushions
confidently. Therefore, flight tests were essential to verify that the relatively small but
appreciable reduction in aircrew vibration due to the integration of novel cushion

materials is maintained under the realistic operating conditions of the Bell-412 helicopter.

15
original
sorbothane 0.25"+original
-------- sorbothane0.5"+original
—=—=—=sorbothane 1"+original
1.0

Amplitude

o
ol

00 [

Hz

Figure 5.7: Comparison Sorbothane materials using FRF in the X direction

5.4 Flight Tests to Verify Vibration Suppression Performance

Flight tests were performed using the NRC Bell-412 helicopter to verify vibration
suppression performance of novel seat cushions under typical flight conditions. The
flight test plan was similar to that described in detail in Section 2.2, with instrumentation
to acquire the aircrew and structural vibration data under representative flight conditions.
In this investigation, the vibration levels recorded at the aircrew helmets and the seat
cushion interfaces were evaluated to compare the vibration suppression performance of

various novel cushion materials with the original cushion.
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Based on material characterization tests results from the shaker tests, a total of
seven seat cushion configurations were selected for the flight tests. That included the
original in-service cushion as the baseline evaluation metric to compare the vibration
isolation performance of the novel cushion materials. All cushion configurations were
tested as part of the bottom cushion of the pilot and co-pilot seats. All energy absorbing
cushion materials were tested by integrating them separately with the original Bell-412
in-service cushion by placing the novel cushion material pad on the seat pan underneath
the original cushion. The selected cushion materials for the flight tests shown in Figure
5.8 included the Mitigator cushions manufactured with urethane, monoprene and

uniprene materials and the Sorbothane pads with thicknesses of 17, 0.5”” and 0.25”.

Sorbothane 1”
Monoprene

Sorbothane 0.25”
Uniprene
Urethane

Original cushion

Figure 5.8: Cushions materials evaluated using flight test

The flight tests were conducted on July 8, 2009 and the vibration data from all the
flight conditions were acquired successfully. Each cushion configuration was tested
under a full mission profile of the Bell-412 helicopter which included 8 flight conditions,
namely, ground, hover, translational lift, 60 kts climb, 120 kts cruise, 140 kts decent, 2-g
turn and landing. The flight tests included 7 flights to evaluate all the cushion
configurations on both the pilot and the co-pilot. Once a full flight profile was
completed, the pilot would land the Bell-412 helicopter in order to change the seat

cushion configuration. Since only one test sample was available for each cushion
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material, the test flight matrix in Table 5.5 was used to evaluate the vibration suppression

performance on both the pilot and the co-pilot for all selected cushion configurations.

Table 5.5: Flight test matrix to evaluate all selected cushion configuration

Flight No Pilot Cushion Co-Pilot Cushion
Flight No 1 Original Urethane + Original
Flight No 2 0.25”Sorbothane + Original Monoprene + Original
Flight No 3 0.5”Sorbothane + Original Uniprene + Original
Flight No 4 1.0”Sorbothane + Original 0.25”Sorbothane + Original
Flight No 5 Urethane + Original 0.5”Sorbothane + Original
Flight No 6 Monoprene + Original 1.0”Sorbothane + Original
Flight No 7 Uniprene + Original Original
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Figure 5.9: Aircrew helmet vibration level for selected cushions at 120 kts condition

The flight tests results showed that modifying the cushion properties by inserting
a novel energy absorbing material did indeed reduce the aircrew vibration. The overall g-
rms vibration levels for the 120 kts cruise condition with vibration reduction percentage
for all tested cushion combinations, based on the aggregated acceleration measured on
the aircrew helmets in all three directions between the frequency range of 2 and 50 Hz,
are shown in Figure 5.9. This 120 kts cruise flight condition was used for detailed

comparison analyses because typical Bell-412 helicopters operate the largest portion of

110



their missions at this flight condition. Most cushion combinations showed a reduction in
vibration measured at the pilot and co-pilot helmets while a few cushion materials
showed an increase in aircrew helmet vibration. Therefore, the impedance properties of
the cushion is required to be selected carefully to optimize the aircrew vibration reduction

under varying flight conditions as well as account for the physical differences in aircrew.

5.4.1 Evaluation of Sorbothane Material

Comparison of the aircrew vibration measured during each flight condition under various
Sorbothane material combinations implemented on the aircrew seat cushion is tabulated
in Table 5.6. The rms acceleration measured in g for the pilot and co-pilot locations for
each corresponding flight condition showed that the performance of the Sorbothane
material varied substantially depending on flight conditions for each measurement
location. Based on overall aggregated vibration measured on the aircrew helmets,
combination of the original in-service seat cushion with Sorbothane material of 0.25”
thickness showed the highest vibration reduction, specifically, 4% reduction for both the
pilot and the co-pilot.

Detailed frequency domain analysis was performed in order to identify the effect
of Sorbothane material combinations at N/rev harmonics, particularly at 1/rev and 4/rev.
The spectrum measured by the pilot’s cushion accelerometer in Z direction shown in
Figure 5.10 clearly shows that all Sorbothane material combinations reduce the 4/rev
peak while only the 0.25” thickness pad showed a reduction for the 1/rev peak compared
to the original cushion. The 4/rev peak was reduced by 31%, 14% and 17% for the
Sorbothane material thicknesses of 0.25”, 0.5 and 1.0, respectively. In contrast, the
1/rev peak was reduced by 25% for the Sorbothane pad thickness of 0.25” while the peak
was amplified by 40% for both the 0.5 and 1.0” thick Sorbothane pads.

The spectrum measured by the accelerometer mounted on the co-pilot’s helmet in
the Z direction, shown in Figure 5.10, demonstrates that all Sorbothane material
combinations reduce the 1/rev peak while they all increase the vibration level at the 4/rev
peak. The 4/rev peak was increased by 8%, 25% and 14% while the 1/rev peak was
reduced by 13%, 12% and 3% for the Sorbothane material thicknesses of 0.25”, 0.5 and
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1.0”, respectively. The flight test data from the pilot’s and co-pilot’s helmet showed that
the performance of Sorbothane cushion materials varies significantly due to differences
in aircrew and flight condition. However, it is important to note that the vibration data
analyzed for each flight condition was acquired by flying a single Bell-412 aircraft once
at a specified flight condition with a particular pilot and co-pilot. Therefore, it is
recommended that more extensive flight tests be conducted using a larger population of
aircrew as well as by using several aircraft of the same type to gather statistically
significant set of data to confirm the vibration suppression of Sorbothane cushion

materials integrated in the Bell-412 helicopter seats.
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Figure 5.10: Spectra of Pilot cushion in the Z direction for Sorbothane material

5.4.2 Evaluation of Mitigator Material

Similar analyses were performed to compare the aircrew vibration measured under each
flight condition for various Mitigator cushion combinations implemented on the aircrew
seat cushion. The rms acceleration measured in g for the pilot and co-pilot locations for
each corresponding flight condition, tabulated in Table 5.6, showed that the performance

of the Mitigator material also varied substantially for each measurement location
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depending on flight conditions. Based on overall aggregated vibration measured on the
aircrew helmets, combination of the original in-service Bell-412 seat cushion with a
Mitigator cushion manufactured with urethane showed the highest vibration reduction,
namely, 8% and 18%, for the pilot and the co-pilot, respectively.
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Figure 5.11: Spectra of Co-Pilot helmet in the Z direction for Sorbothane material

The spectrum measured by the accelerometer mounted on the pilot’s helmet in the
Z direction, shown in Figure 5.12, demonstrates that all Mitigator material combinations,
namely, urethane, monoprene and uniprene reduced the 1/rev peak by 28%, 25% and
21%, respectively. Although a reduction of 38% for urethane and 41% for monoprene
was measured for the 4/rev peak, the uniprene material increased the 4/rev peak by 11%
compared to the original cushion. Similar analysis of the co-pilot’s helmet accelerometer
in the Z direction, shown in Figure 5.13, also demonstrate that all Mitigator material
combinations, namely, urethane, monoprene and uniprene reduced the 1/rev peak by
30%, 29% and 12%, respectively. Although a reduction of 7% for urethane and 8% for
uniprene was measured for the 4/rev peak, the monoprene material marginally increased
the 4/rev peak by 1% compared to the original cushion. The flight test data showed that

combining the original cushion with Mitigator cushion manufactured with urethane
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consistently reduced the 1/rev peak significantly. In addition, this urethane material was
able to marginally reduce the 4/rev vibration peak as well.

The vibration performance of the Mitigator cushion material manufactured with
urethane was further confirmed by evaluating the spectrum measured by the
accelerometer mounted on the co-pilot’s helmet in the X direction as shown in Figure
5.14. The data shows that the urethane cushion reduced the 1/rev peak by 25% and the
4/rev peak by 5%. Based on analysis of the aircrew vibration levels at the helmet
locations, combining the original cushion with the Mitigator urethane pad consistently
provided the best aircrew vibration suppression performance compared to other evaluated
cushion combinations.

In order to confirm the vibration reduction performance of the Mitigator urethane
material under varying flight conditions, further analyses were conducted to compare the
pilot and co-pilot vibration reduction under all 8 flight conditions. Based on the
aggregated rms vibration measured on the aircrew helmets in all three directions,
integrating the Mitigator urethane pad with the original cushion reduced the vibration in
all but one flight condition as shown in Figure 5.15. This novel energy absorbing
cushion material recorded the highest helmet vibration reduction of 26% for the pilot
during landing and 22% for the co-pilot during 60 kts climb. The data showed an
increase in helmet vibration only for the 2g turn, which is a high vibration manoeuvre
performed rarely in typical missions. In addition, the measured aircrew vibration data
could be misleading because this banking manoeuvre results in a large angle on the seat
which makes it difficult for the aircrew to maintain normal contact with the cushion. Due
to the rare nature of this manoeuvre and measurement difficulty, the increase in aircrew
vibration shown during the 2g flight condition is considered inconclusive for this
preliminary investigation. Therefore, it was concluded that the combination of a Bell-412
seat cushion with a Mitigator cushion manufactured with urethane reduced the aircrew
helmet vibration in most flight conditions by primarily reducing the 1/rev peak and
secondarily reducing the 4/rev peak. Since the amplitudes of other higher harmonics
such as the 8/rev were significantly lower, these minor peaks did not show much effect

on the overall aircrew vibration levels due to the variation in cushion material.
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Table 5.6: Measured g-rms vibration levels for Sorbothane material

X N e ] e ] e X e N
SE|SE|SEEcxEs>2enal 2E |5t
£| 2| 2 0| 3| 0 |og|og|og
Flight Condition Ground
Original in-service 0.05 | 0.08 | 0.04 | 0.08 | 0.06 | 0.03 | 0.07 | 0.04 | 0.06
0.25"Sorbothane+Original 0.10 | 0.08 | 0.07 | 0.08 | 0.06 | 0.05 | 0.05 | 0.02 | 0.04
0.5"Sorbothane+Original 0.10 | 0.06 | 0.07 | 0.08 | 0.04 | 0.05 | 0.07 | 0.03 | 0.07
1"Sorbothane+Original 0.14 | 0.07 | 0.10 | 0.07 | 0.05 | 0.07 | 0.07 | 0.03 | 0.05
Flight Condition Hover
Original in-service 0.04 | 0.05 | 0.07 | 0.12 | 0.07 | 0.05 | 0.03 | 0.02 | 0.05
0.25"Sorbothane+Original 0.04 | 0.03 | 0.08 | 0.11 | 0.07 | 0.04 | 0.04 | 0.03 | 0.06
0.5"Sorbothane+Original 0.04 | 0.04 | 0.07 | 0.12 | 0.07 | 0.04 | 0.04 | 0.03 | 0.05
1"Sorbothane+Original 0.05 | 0.02 | 0.07 | 0.13 | 0.08 | 0.05 | 0.03 | 0.03 | 0.04
Flight Condition Translational Lift
Original in-service 0.05 | 0.05 | 0.08 | 0.13 | 0.08 | 0.04 | 0.04 | 0.02 | 0.05
0.25"Sorbothane+Original 0.05 | 0.04 | 0.08 | 0.13 | 0.08 | 0.04 | 0.04 | 0.02 | 0.05
0.5"Sorbothane+Original 0.04 | 0.04 | 0.06 | 0.11 | 0.08 | 0.04 | 0.04 | 0.03 | 0.05
1"Sorbothane+Original 0.08 | 0.03 | 0.08 | 0.11 | 0.08 | 0.04 | 0.04 | 0.02 | 0.05
Flight Condition 60 kts Climb
Original in-service 0.04 | 006 | 0.06 | 0.12 | 0.11 | 0.05 | 0.04 | 0.02 | 0.04
0.25"Sorbothane+Original 0.04 | 0.03 | 0.05 | 0.11 | 0.10 | 0.03 | 0.03 | 0.02 | 0.04
0.5"Sorbothane+Original 0.03 | 0.04 | 0.04 | 0.10 | 0.09 | 0.04 | 0.04 | 0.02 | 0.04
1"Sorbothane+Original 0.04 | 0.02 | 0.03 | 0.09 | 0.10 | 0.03 | 0.05 | 0.02 | 0.05
Flight Condition 120 kts Level
Original in-service 0.07 | 0.06 | 0.05 | 0.13 | 0.13 | 0.06 | 0.07 | 0.04 | 0.08
0.25"Sorbothane+Original 0.07 | 0.05 | 0.05 | 0.13 | 0.14 | 0.05 | 0.07 | 0.03 | 0.07
0.5"Sorbothane+Original 0.07 | 0.05 | 0.06 | 0.13 | 0.13 | 0.06 | 0.06 | 0.04 | 0.07
1"Sorbothane+Original 0.08 | 0.04 | 0.06 | 0.12 | 0.13 | 0.06 | 0.08 | 0.03 | 0.08
Flight Condition 2g Turn
Original in-service 0.07 | 0.07 | 0.08 | 0.18 | 0.16 | 0.08 | 0.06 | 0.04 | 0.08
0.25"Sorbothane+Original 0.10 | 0.07 | 010 | 0.27 | 0.19 | 0.09 | 0.08 | 0.05 | 0.11
0.5"Sorbothane+Original 0.10 | 0.07 | 0.08 | 0.16 | 0.18 | 0.10 | 0.07 | 0.05 | 0.10
1"Sorbothane+Original 0.10 | 0.05 | 0.09 | 0.15 | 0.17 | 0.10 | 0.08 | 0.04 | 0.09
Flight Condition 140 kts Descend
Original in-service 0.08 | 0.08 | 0.09 | 0.16 | 0.17 | 0.08 | 0.07 | 0.04 | 0.09
0.25"Sorbothane+Original 0.10 | 0.07 | 011 | 0.17 | 0.18 | 0.08 | 0.07 | 0.05 | 0.09
0.5"Sorbothane+Original 0.08 | 0.04 | 005 | 0.12 | 0.15 | 0.06 | 0.07 | 0.04 | 0.08
1"Sorbothane+Original 0.08 | 0.03 | 0.06 | 0.11 | 0.14 | 0.06 | 0.08 | 0.04 | 0.08
Flight Condition Landing
Original in-service 0.06 | 0.08 | 0.15 | 0.18 | 0.11 | 0.09 | 0.06 | 0.03 | 0.10
0.25"Sorbothane+Original 0.06 | 0.05 | 0.15 | 0.14 | 0.10 | 0.08 | 0.05 | 0.03 | 0.09
0.5"Sorbothane+Original 0.09 | 0.04 | 0.10 | 0.13 | 0.09 | 0.07 | 0.06 | 0.04 | 0.09
1"Sorbothane+Original 0.07 | 0.03 | 0.12 | 0.13 | 0.10 | 0.09 | 0.06 | 0.03 | 0.08
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Table 5.7: Measured g-rms vibration levels for Mitigator material

Rl R - - R
SE|SE BEES~SE-EENEE|EE|EE
2|2 |*2 >3 |3 [*c |82 |32 3%
Flight Condition Ground
Original in-service 0.05 | 0.08 | 0.04 | 0.08 | 0.06 | 0.03 | 0.07 | 0.04 | 0.06
Urethane+Original 0.06 | 0.03 | 0.04 | 0.06 | 0.04 | 0.03 | 0.07 | 0.02 | 0.07
Monoprene+Original 0.10 | 0.02 | 0.07 | 0.06 | 0.06 | 0.04 | 0.08 | 0.04 | 0.07
Uniprene+Original 0.08 | 0.05 | 0.05 | 0.07 | 0.05 | 0.03 | 0.10 | 0.04 | 0.10
Flight Condition Hover
Original in-service 0.04 | 0.05 | 0.07 | 0.12 | 0.07 | 0.05 | 0.03 | 0.02 | 0.05
Urethane+Original 0.05 | 0.02 | 0.07 | 0.11 | 0.07 | 0.04 | 0.04 | 0.02 | 0.05
Monoprene+Original 0.05 | 0.02 | 0.06 | 0.10 | 0.08 | 0.04 | 0.03 | 0.02 | 0.05
Uniprene+Original 0.04 | 0.03 | 0.06 | 0.11 | 0.08 | 0.04 | 0.03 | 0.03 | 0.05
Flight Condition Translational Lift
Original in-service 0.05 | 0.05 | 0.08 | 0.13 | 0.08 | 0.04 | 0.04 | 0.02 | 0.05
Urethane+Original 0.05 | 0.03 | 0.06 | 0.11 | 0.08 | 0.04 | 0.04 | 0.02 | 0.05
Monoprene+Original 0.06 | 0.02 | 0.07 | 0.11 | 0.08 | 0.04 | 0.03 | 0.02 | 0.04
Uniprene+Original 0.06 | 0.03 | 0.06 | 0.10 | 0.08 | 0.03 | 0.04 | 0.03 | 0.05
Flight Condition 60 kts Climb
Original in-service 0.04 | 0.06 | 0.06 | 0.12 | 0.11 | 0.05 | 0.04 | 0.02 | 0.04
Urethane+Original 0.07 | 0.03 | 0.04 | 0.08 | 0.09 | 0.03 | 0.03 | 0.02 | 0.03
Monoprene+Original 0.06 | 0.03 | 0.05 | 0.08 | 0.11 | 0.04 | 0.03 | 0.02 | 0.04
Uniprene+Original 0.06 | 0.02 | 0.05 | 0.09 | 0.09 | 0.03 | 0.03 | 0.02 | 0.04
Flight Condition 120 kts Level
Original in-service 0.07 | 0.06 | 0.05 | 0.13 | 0.13 | 0.06 | 0.07 | 0.04 | 0.08
Urethane+Original 0.07 | 0.03 | 0.06 | 0.10 | 0.13 | 0.06 | 0.05 | 0.04 | 0.06
Monoprene+Original 0.08 | 0.03 | 0.05 | 0.10 | 0.14 | 0.06 | 0.06 | 0.03 | 0.06
Uniprene+Original 0.09 | 0.04 | 0.07 | 012 | 0.214 | 0.05 | 0.06 | 0.03 | 0.07
Flight Condition 2g Turn
Original in-service 0.07 | 0.07 | 0.08 | 0.18 | 0.16 | 0.08 | 0.06 | 0.04 | 0.08
Urethane+Original 0.10 | 0.06 | 0.09 | 0.16 | 0.19 | 0.10 | 0.07 | 0.04 | 0.10
Monoprene+Original 0.09 | 0.05 | 0.08 | 0.16 | 0.20 | 0.10 | 0.07 | 0.04 | 0.09
Uniprene+Original 0.09 | 0.05 | 0.07 | 0.18 | 0.16 | 0.07 | 0.07 | 0.04 | 0.10
Flight Condition 140 kts Descend
Original in-service 0.08 | 0.08 | 0.09 | 0.16 | 0.17 | 0.08 | 0.07 | 0.04 | 0.09
Urethane+Original 0.10 | 0.04 | 0.08 | 0.13 | 0.17 | 0.08 | 0.06 | 0.04 | 0.08
Monoprene+Original 0.12 | 0.04 | 0.07 | 0.13 | 0.16 | 0.07 | 0.05 | 0.03 | 0.07
Uniprene+Original 0.09 | 0.04 | 0.07 | 0.13 | 0.15 | 0.06 | 0.06 | 0.03 | 0.07
Flight Condition Landing
Original in-service 0.08 | 0.15 | 0.18 | 0.11 | 0.09 | 0.06 | 0.03 | 0.10 | 0.08
Urethane+Original 004 | 011 | 014 | 0.11 | 0.08 | 0.06 | 0.04 | 0.08 | 0.04
Monoprene+Original 0.04 | 012 | 0.12 | 0.11 | 0.07 | 0.04 | 0.02 | 0.07 | 0.04
Uniprene+Original 0.05 | 0.12 | 0.14 | 0.10 | 0.07 | 0.05 | 0.03 | 0.09 | 0.05
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The flight test results demonstrated that the combination of an original Bell-412
seat cushion together with a commercially available Mitigator urethane pad reduced
aircrew vibration under varying flight conditions. The energy absorbing cushion
materials were able to reduce the amplification measured in low frequencies, particularly
in the 1/rev peak as intended in the objective of this study. Therefore, it is recommended
to investigate the integration of Mitigator urethane pads with the original seat cushions in

the Bell-412 helicopters as a low cost solution with less certification effort.

5.5 Summary and Conclusions

The flight tests demonstrated that the existing in-service cushion used in the Bell-412
helicopter seat amplified the low frequency vibration, while it significantly reduced the
high frequency vibration. Therefore, a novel energy absorbing cushion material, namely,
the Hybrid Air Cushioning System known as Mitigator and a viscoelastic polyurethane
material known as Sorbothane, were investigated as a low cost solution to reduce the
aircrew vibration in the Bell-412 helicopters. The mechanical shaker tests were
performed to characterize the cushion material properties and the flight tests on the NRC
Bell-412 helicopter were used to validate the selected novel cushion materials.

Despite the preliminary nature of this investigation, which requires more thorough
study and verifications, the results confirmed that the aircrew helmet vibration levels can
be effectively reduced through proper optimization of the seat cushion impedance
properties.  Although flight tests demonstrated inconsistent vibration suppression
performance for the Sorbothane material, combining the original cushion with the
Mitigator manufactured with urethane material consistently reduced the aircrew vibration
under varying flight conditions and aircrew. This particular cushion combination
significantly reduced the 1/rev peak while marginally reducing the 4/rev peak as well.
However, it is recommended that more extensive flight tests be conducted by a larger
population of aircrew as well as by using several aircraft of the same type to gather
statistically significant set of data to confirm the vibration suppression of the Mitigator

urethane material.
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One of the main contributions from this research is the selection of the Hybrid Air
Cushioning System known as Mitigator manufactured with urethane material as an
effective energy absorbing seat cushion layer to reduce the helicopter aircrew exposure to
vibration. Therefore, it is recommended to pursue the integration of the Mitigator
urethane pads with the original seat cushions in the Bell-412 helicopters as a suitable low
cost solution with minimum certification effort to reduce the vibration transmitted to the
aircrew to mitigate associated adverse health impacts due to long-term vibration

exposure.
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Chapter 6

Conclusions and Recommendations

Helicopters are known to expose the aircrew to significantly high levels of whole body
vibration that leads to undesirable occupational health hazards. Exposure to this high
vibration environment not only leads to short-term impacts such as discomfort and
fatigue but also known to cause injuries such as neck strain and back pain due to long-
term exposure as documented by the rotary aircrew communities.

This research study investigated the use of novel active as well as passive
methodologies to mitigate the vibration transmitted to the aircrew. In particular, this
research effort developed a unique adaptive seat mount approach based on active
vibration control technology, using stacked piezoelectric actuators with an adaptive feed-
forward algorithm, to counteract forced vibration harmonics of the helicopter main rotor.
Due to significantly less certification effort required to modify the seat structure,
application of active control technology to the seat structure is more practical compared
to implementing such active control systems on flight critical components such as the
main rotor to suppress vibration. In addition, this investigation also evaluated the use of
novel energy absorbing cushion materials as a low cost, near term, solution to improve
low frequency vibration suppression in seat application. These hybrid vibration
suppression approaches based on active and passive methodologies were implemented on
a full-scale Bell-412 helicopter seat to evaluate their effectiveness under representative

vibratory conditions.
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6.1 Conclusions

This research represents the first known investigation into the use of stacked piezoelectric
actuator based adaptive mount methodology on full-scale helicopter seats to suppress
aircrew vibration. Extensive biodynamic modeling effort was used to develop the design
and comprehensive experimental investigations were used for performance verifications.
In addition, a unique flight test was performed on the Bell-412 helicopter to verify the
high levels of vibration exposure in helicopter aircrew in flight. Furthermore, vibration
suppression performance of a novel energy absorbing cushion material was also
demonstrated through Bell-412 helicopter flight tests. As such, this research study has

generated three major conclusions as discussed in following subsections.

6.1.1 Confirmed the Viability of the Adaptive Seat Mount Methodology for

the Helicopter Aircrew Vibration Suppression

This research effort began with an investigation into the feasibility of using active control
technology to counteract vibration transmitted to the helicopter aircrew. A unique
adaptive seat mount approach was successfully implemented on a full-scale Bell-412
helicopter seat by incorporating two stacked piezoelectric actuators as active struts. This
design increased the structural stiffness of the seat to avoid the low frequency resonance
while generating sufficient forces to counteract harmonic forced vibration. A real-time
controller implemented with a feed-forward algorithm based on adaptive notches
counteracted the forced vibration peaks while a robust feedback control algorithm
suppressed the resonance modes. Closed-loop control experiments performed using
shaker tests demonstrated that the adaptive seat mount approach provided significant
reduction in harmonic excitation as well as reducing the resonant modes under
representative helicopter vibration spectra. The small physical size of the piezoelectric
stacked actuators and the use of low weight power electronics make this novel adaptive
mount approach suitable for the helicopter integration. This investigation concluded that
the proposed adaptive seat mount approach based on active control technology is a viable

solution for the helicopter seat vibration control application.
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6.1.2 Verified the High Levels of Vibration Exposure in Helicopter
Aircrew in Flight

Although vibration data on helicopter structures, such as the floor, have been published
previously, vibration data on aircrew, such as the helmet, was not found in published
literature. Therefore, a unique flight test was performed on a Bell-412 helicopter to
acquire vibration data from aircrew under typical flight profile. The flight test data
demonstrated that the helicopter aircrew is exposed to significantly high levels of
vibration during a variety of flight conditions and that the spectrum profile varied
substantially depending on operating conditions as well as the aircrew configurations.
The comfort assessment and health guidance based on ISO 2631 analysis indicated that
most Bell-412 flight conditions were considered “uncomfortable” and “caution” while the
140 kts flight condition was rated as “very uncomfortable” and “not safe,” respectively.
In contrast to the structural vibrations which showed 4/rev as the dominant peak, the
vibration measured on the aircrew showed that the low frequency 1/rev as the dominant
peak indicated that the seated aircrew amplified the low frequency vibration while
attenuating the high frequencies. This is a major concern for aircrew health because high
levels of low frequency vibration reportedly lead to potential injuries such as neck strain
and back pain under long-term exposure. The flight test data verified that the helicopter
aircrews are exposed to high levels of vibration over broad operating flight conditions.
Furthermore, the aircrew data measured in flight test clearly concluded the necessity to
investigate seat vibration reduction solutions to mitigate the harmful effects of vibration

on aircrew health.

6.1.3 Demonstrated the Suitability of Novel Energy Absorbing Cushion
Material for Helicopter Seat Application

The flight tests demonstrated that the existing original cushion used in the Bell-412

helicopter seat system amplified the low frequency vibration, although it significantly

damped the high frequency vibration. Therefore, the properties of the original cushion

material was used for high frequency vibration reduction while a novel energy absorbing
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cushion material was investigated to reduce the low frequency vibration. Optimization of
the seat cushion material properties was determined as a low cost solution with less
certification effort to mitigate aircrew vibration. The material characterization tests
conducted on the mechanical shaker and performance verification tests using Bell-412
flight trials showed that the impedance properties of the cushion required to be optimized
properly in order to suppress low frequency vibration under varying vibratory
environment. The flight tests performed on the NRC Bell-412 to evaluate cushion
performance demonstrated that combining the original cushion with the Mitigator pad
manufactured with urethane material consistently reduced the aircrew vibration. The
Mitigator is an engineered cushion that incorporates unique a Hybrid Air Cushioning
System designed to transfer the vertical impact energy through a series of internal bleed
ports and horizontal passages. This selected cushion combination significantly reduced
the low frequency 1/rev peak while marginally reducing the high frequency 4/rev peak
under varying flight conditions on diverse aircrew. Although integration of novel
optimization of cushion properties provided relatively lower level of vibration
suppression compared to modifications to the seat structure, it was selected as the most
practical and low cost solution with minimum certification effort to reduce seat vibration.
Therefore, it was concluded that integrating novel energy absorbing materials in

helicopter seats is a suitable near-term solution to mitigate aircrew exposure to vibration.

6.2 Recommendations

Although this research has successfully shown the technical feasibility and potential
benefits of an adaptive seat mount approach and novel energy absorbing cushion
materials for helicopter seat vibration suppression applications, a number of challenges
must be overcome through further refinements prior to their practical implementation.
The following subsections identify several areas of future research work and potential
enhancements in order to advance the technology readiness level of these novel
methodologies to improve the health of helicopter aircrew by reducing the level of

vibration exposure.
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6.2.1 Refinement of the Adaptive Seat Mount Design

The adaptive seat mount approach has shown the viability to reduce aircrew vibration
levels without significant modification to the helicopter structure or critical flight
components. However, technical challenges regarding this novel adaptive seat mount
design to maintain crashworthiness of the seat must be addressed before this active
control concept can be implemented into the helicopter fleet. Adaptive mount design
used piezoelectric stacked actuators as active struts on both sides of the seat to connect
the pan to the base of the frame. This design assumes that shear pins could be integrated
into the attachment mechanisms to allow the seat pan to move downwards freely in case
of a crash to meet the crashworthiness criteria of the helicopter seat design. This
assumption in the mechanical design must be validated to ensure that the crashworthiness
requirement of the seat is not compromised due to the integration of the adaptive mount

concept.

Frame - Rear Arm

Actuators

Frame - Bottom Arm

Figure 6.1: Alternate mechanical design of the adaptive seat mount

Alternately, the mechanical design of the actuator placement could be refined
such that the piezoelectric stacked actuators are not connected to the seat pan to avoid

interfering with the existing crash resistant mechanism in the Bell-412 seats. This could
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be achieved by placing the actuators between bottom and rear arms of the L-shaped seat
frame as shown in Figure 6.1. This modification to the seat frame with additional active
struts would also increase the bending stiffness of the seat to move the bending mode out
of the range of major rotor harmonics while generating forces to counteract the forced
vibration. However, in order to overcome the higher stiffness of the seat frame, the
actuators will be required to generate higher forces compared to the implemented design.
This higher force requirement could be satisfied by similar sized stacked piezoelectric
actuators, which are inherently capable of providing large control forces. The actuator
specifications could also be enhanced to improve the vibration suppression performance
of the adaptive seat mount approach. Such refinements of the mechanical design will
address the crashworthiness concerns and improve the vibration suppression performance
to facilitate practical implementation of the adaptive mount methodology for helicopter

seat application.

6.2.2 Enhancement of the Biodynamic Seat Model

The biodynamic lumped parameter model was developed as a simplified model to
represent the dynamics of the seat structure as well as the human body for efficient
vibration simulations. Although the cushion and the seat frame were modeled separately
for this investigation, the model was only capable of handling linear properties for the
cushion material. In general, cushion material properties are generally highly non-linear.
Therefore, it is recommended to refine this biodynamic model to incorporate non-linear
cushion properties. Such an enhanced lumped parameter biodynamic model will be an
efficient tool to evaluate various seat cushion material configurations to mitigate aircrew

vibration in helicopters without high computational burden.

6.2.3 Helicopter Integration of the Actuation System

Future studies should also be focused on qualifying the adaptive mount actuation
approach for helicopter integration. Current investigation developed only a proof-of-

concept system for laboratory investigation and this system was not optimized for
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helicopter integration. Many aspects of the actuation system needed to be qualified for
the helicopter application in consultation with airworthiness certification authorities and
other relevant stake holders.

For example, the weight of the additional equipment required for the adaptive seat
mount implementation will be a concern for any aircraft application, particularly for
retrofitting existing aircraft. Therefore, further investigation should be carried out to
minimize the weight of the complete system that includes the actuators, control computer,
sensors as well as the power supply. As mentioned earlier, the power amplifier used in
the current proof-of-concept development was not optimized for helicopter integration.
Therefore, the power required to operate the actuation system must also be studied in
detail because limited power is available in helicopters, especially for non-flight critical
systems such as the adaptive seat mounts. In addition, the physical size of the actuators
must be selected properly to ensure proper installation within the limited space around
the seat. The size of the power amplifier is also a concern. Since high voltage power
amplifiers are inherently bulky, investigating the use of alternate amplifier designs to
reduce the volume would also be an advantage. Other qualification requirements of the
system that must be addressed prior to helicopter integration include environmental
considerations such as salt, moisture, temperature and flammability, as well as, electronic
considerations such as electromagnetic interference with critical systems in the aircraft.

Addressing these system integration and airworthiness certification issues such as
weight, power, size, and environmental considerations will make this novel adaptive seat
mount approach based on active control technology significantly more attractive for both
the military and commercial helicopter applications. Thereafter, it is recommended to
integrate the complete adaptive seat mount system in a helicopter in order to perform
flight tests to confirm the aircrew vibration reduction capability of this novel vibration

attenuation system under the realistic operating conditions.

6.2.4 Expanded Flight Test Program to Survey Cabin Environment

The flight test performed on a Bell-412 helicopter during this investigation demonstrated

that the helicopter aircrew is exposed to significantly high levels of vibration during
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flight. Analysis of the flight data based on the commonly used ISO 2631 standard to
assess the effect of the whole body vibration exposure concluded the necessity to reduce
the level of vibration experienced by helicopter aircrew. Although this data was
sufficient for the current purpose of developing an adaptive seat mount concept, it is
important to note that the vibration data analyzed for each flight condition was acquired
by flying a single aircraft twice at a specified flight condition with a particular pilot and
co-pilot. Therefore, it is recommended that more extensive flight tests be conducted by a
larger population of pilots and co-pilots as well as by using several aircraft of the same
type to obtain a more statistically significant set of flight data.

Furthermore, this flight test on a Bell-412 helicopter was required because the
level of vibration exposure by the aircrew were not found in published literature. This
lack of information prohibits the identification of potential health hazards for aircrew and
development of suitable solutions. The growing demand for extended mission durations
in the military and back-to-back flights in commercial aviation increases the potential
health issues due to prolonged exposure to noise and vibration. Similar to vibration, high
level of noise affects not only communication but more importantly prolonged exposure
may lead to health hazards such as risk of heart attack, high blood pressure, hearing loss,
loss of flight status or even disability. Therefore, it is recommended to conduct a
comprehensive flight test program to survey the aircraft cabin environment to evaluate
aircrew noise and vibration exposure levels. Such characterization effort utilizing state-
of-the-art measurement techniques and statistically significant set of data samples could
be used to determine permissible exposure time limits for the aircrew according to
applicable technical standards and regulations such as ISO 2631. Such study could lead
to establishment of guidelines and precautionary measures to minimize adverse health

effects on aircrew.

6.2.5 Airworthiness Certification of the Novel Cushion Material

Although flight tests demonstrated that the Mitigator cushion manufactured with urethane
material consistently reduced the aircrew vibration, the performance of this selected

cushion configuration requires further validation through additional flight tests under
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varying conditions. The impact of varied aircrew weight as well as different flight
conditions should be considered in order to validate the measured improvements for the
majority of the aircrew population in most flight conditions. Despite the preliminary
nature of this investigation, the results clearly demonstrated that the aircrew vibration
levels can be effectively mitigated through proper optimization of the seat cushion
impedance properties. The insertion of the Mitigator urethane cushion pad significantly
reduced the 1/rev peak while marginally reducing the 4/rev peak as well. Although the
modification of the cushion properties provided relatively lower vibration suppression
performance compared to the modifications to the seat structure, it is a low cost solution
with relatively less certification effort.

Therefore, it is recommended to investigate the integration of the Mitigator
urethane pad with the original seat cushions in the Bell-412 helicopters as a near-term
solution to reduce aircrew exposure to vibration. During the experimental flight test, it
was possible to test the novel cushion material by placing it on the seat pan underneath
the original cushion. However, practical implementation requires designing and
fabricating a seat cushion integrated with the novel energy absorbing material that could
be certified for aircraft application. Such a modified seat cushion dampens the low
frequency vibration while maintaining the superior high frequency vibration suppression
performance of the original cushion and matches the physical dimensions to retrofit the
existing seat pan. This optimized seat cushion must be characterized through extensive
shaker tests and the vibration suppression performance must be validated through a
comprehensive flight test program under realistic operational conditions. In addition,
other environmental tests such as the flammability, temperature, moisture, salt, et cetera
must be conducted to qualify this novel cushion material to gain the required
airworthiness certification.

Airworthiness certification of a retrofit seat cushion with superior vibration
suppression qualities is a low cost and a near-term solution to mitigate undesirable
occupational health hazards in helicopter aircrew due to high vibration exposure.
Therefore, it is highly recommended to pursue the development and certification of this

novel energy absorbing seat cushion system for the Bell-412 helicopter.

129



Appendix A

Bell-412 Aircrew Vibration Spectra from Flight Tests

A.1 Test Flight Conditions

The test flight was conducted on November 27, 2007 using the NRC Bell-412 helicopter.
The NRC Bell-412 helicopter is a specially configured test helicopter integrated with
various flight sensors and an onboard data acquisition system. The data was acquired for
a wide range of flight conditions such as ground, hover, translational lift, forward flight at
60 kts, 120 kts and 140 kts, in order to identify the variation in vibration profile during a
typical flight. In general, the wind speed was 8 kts from 290 degrees. The tested pilot
represented a 50 percentile adult male and the co-pilot represented a 95 percentile adult
male in terms of height and weight.

A.2 Sensor Instrumentation System

The data acquisition system was configured for simultaneous recording of the
accelerometer channels at a sampling rate of 2 kHz. Accelerometers installed on the
structure were bonded with epoxy while the accelerometers that were placed on the
aircrew were affixed with wax to facilitate ease of removal. All miniature accelerometers
were calibrated to verify accuracy and ensure reliability. The time domain data were
recorded digitally and simultaneously analyzed in the frequency domain to reveal the

real-time vibration spectrum from each accelerometer using the onboard laptop computer.
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A.3 Spectral Data Analysis Parameters

A minimum of two data points were taken for each flight condition to verify
repeatability. Each data point lasted 1 minute while the aircraft maintained the specified
flight condition. The spectra were analyzed using a frequency resolution of 0.25 Hz with

a Flat-Top windowing function and 15 linear averages.

A.4 Measurement Locations and Directions

The measurement locations included the floor under the seat, bottom of the seat, top of
the cushion, aircrew shoulder, helmet, and the top of the instrument panel. The floor, seat
and the helmet locations for the pilot included accelerometers in all 3 directions while
those locations for the co-pilot measured only in X & Z directions. The vibration at
remaining locations was measured only in the Z direction. Table A.1 summarizes the
figures that shows all measured spectra for each flight conditions with the corresponding

test run.

Table A.1: Vibration spectra with corresponding flight conditions for each test run

Figure No. Flight Condition Run No
Figure A.1 Ground Run (1) 1
Figure A.2 25 ft Hover (1) 2
Figure A.3 Trans. Lift (1) 3
Figure A4 60 kts Climb (1) 5
Figure A5 60 kts Level (1) 6
Figure A.6 100 kts Level (1) 7
Figure A.7 120 kts Level (1) 8
Figure A.8 140 kts Desc. (1) 9
Figure A.9 60 kts Climb (2) 11
Figure A.10 120 kts Level (2) 12
Figure A.11 60 kts Level (2) 13
Figure A.12 100 kts Level (2) 14
Figure A.13 140 kts Level (1) 15
Figure A.14 Trans. Lift (2) 17
Figure A.15 25 ft Hover (2) 18
Figure A.16 Ground Run (2) 19
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Figure A.1: Vibration Spectra from Run No. 1 for flight condition ground run (1)
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Figure A.2: Vibration Spectra from Run No. 2 for flight condition 25 ft hover (1)
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Figure A.3: Vibration Spectra from Run No. 3 for flight condition trans. lift (1)
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Figure A.4: Vibration Spectra from Run No. 5 for flight condition 60 kts climb (1)
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Figure A.5: Vibration Spectra from Run No. 6 for flight condition 60 kts level (1)
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Figure A.6: Vibration Spectra from Run No. 7 for flight condition 100 kts level (1)
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Figure A.7: Vibration Spectra from Run No. 8 for flight condition 120 kts level (1)
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Figure A.8: Vibration Spectra from Run No. 9 for flight condition 140 kts descent (1)
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Figure A.9: Vibration Spectra from Run No. 11 for flight condition 60 kts climb (2)
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Figure A.12: Vibration spectra from Run No. 14 for flight condition 100 kts level (2)
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Figure A.13: Vibration spectra from Run No. 15 for flight condition 140 kts level (1)
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Figure A.14: Vibration spectra from Run No. 17 for flight condition trans. lift (2)
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Figure A.15: Vibration spectra from Run No. 18 for flight condition 25 ft hover (2)
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Figure A.16: Vibration spectra from Run No. 19 for flight condition ground run (2)
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Appendix B

State Space Formulation of the Biodynamic Model

B.1 Definition of State-Space Form

The equations of motion of the biodynamic model were transformed into the State Space
form for efficient simulation. The state variables define the initial, current and future

response of a system. State-space equations is expressed as

X=Ax+Bu B1
y =Cx+Du (B1)
where, x represents the n -dimensional state vector, y the output vector, u the control
input, A the system matrix, B the actuator influence matrix, C provides the sensor
influence matrix and D the direct transmission matrix. Usually, D is considered as zero

except for feed-forward systems.

B.2 Derived State-Space Matrices

The transformation of the variables produced following A, B, C and D matrices of the
State Space model. The matrix C was constructed to observe the displacement of desired

component of the biodynamic model, primarily the vibration of the aircrew head.
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