
River Rapids

Conference Proceedings of the Society for Experimental Mechanics Series

Sensors & Instrumentation  
and Aircraft/Aerospace  
Testing Techniques Vol. 8

Chad Walber
Matthew Stefanski

Proceedings of the 43rd IMAC, A Conference and 
Exposition on Structural Dynamics 2025

River Publishers



Conference Proceedings of the Society for Experimental Mechanics
Series

Series Editor

Kristin B. Zimmerman
Society for Experimental Mechanics, Inc.,
Bethel, USA

i



The Conference Proceedings of the Society for Experimental Mechanics Series presents early findings and case studies from
a wide range of fundamental and applied work across the broad range of fields that comprise Experimental Mechanics.
Series volumes follow the principle tracks or focus topics featured in each of the Society’s two annual conferences: IMAC,
A Conference and Exposition on Structural Dynamics, and the Society’s Annual Conference & Exposition and will address
critical areas of interest to researchers and design engineers working in all areas of Structural Dynamics, Solid Mechanics
and Materials Research.

ii



Chad Walber · Matthew Stefanski
Editors

Sensors & Instrumentation and
Aircraft/Aerospace Testing Techniques,
Vol. 8

Proceedings of the 43rd IMAC, A Conference and Exposition on
Structural Dynamics 2025

River Publishers

 



Published, sold and distributed by:

River Publishers
Broagervej 10
9260 Gistrup
Denmark

www.riverpublishers.com

ISBN 97887-438-0153-5 (Hardback)

ISBN 97887-438-0165-8 (eBook)

https://doi.org/10.13052/97887-438-0153-5

Conference Proceedings of the Society for Experimental Mechanics

An imprint of River Publishers

© The Society for Experimental Mechanics, Inc. 2025

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
or reproduction in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws and regulations and
therefore free for general use. The publisher, the authors, and the editors are safe to assume that the advice and information
in this book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors
give a warranty, expressed or implied, with respect to the material contained herein or for any errors or omissions that may
have been made. The publisher remains neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

https://doi.org/10.13052/97887-438-0153-5


Preface

Sensors & Instrumentation and Aircraft/Aerospace Testing Techniques represent one of twelve volumes of technical papers
presented at the 43rd IMAC, A Conference and Exposition on Structural Dynamics, organized by the Society for Experi-
mental Mechanics, and held February 10-13, 2025. The full proceedings also include volumes on Nonlinear Structures &
Systems; Dynamic Substructures; Model Validation and Uncertainty Quantification; Dynamic Substructuring & Transfer
Path Analysis; Special Topics in Structural Dynamics & Experimental Techniques; Computer Vision & Laser Vibrometry;
Dynamic Environments Testing; Topics in Modal Analysis & Parameter Identification I&II; Data Science in Engineering;
and Structural Health Monitoring & Machine Learning.

Each collection presents early findings from experimental and computational investigations on an important area within
Sensors and Instrumentation & other Structural Dynamics areas. Topics represent papers on calibration, smart sensors, shock
calibration and shock environment synthesis and applications for aircraft/aerospace structures.

The organizers would like to thank the authors, presenters, session organizers, and session chairs for their participation
in this track.

Editor:
Chad Walber–Michigan Technological University, MI, USA; Matthew Stefanski–US Air Force Research Laboratory, OH,
USA.
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Chapter 1Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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X-57 Mod III Wing Ground Vibration Test

Truong Samson, Bhamidipati Keerti, Lung Shun-Fat, Spivey Natalie, Truax Roger, and Winkel James

Abstract The X-57 “Maxwell” all-electric experimental aircraft was an electric propulsion demonstrator developed by the
National Aeronautics and Space Administration to inform airworthiness standards for electrified aircraft. The development
of the X-57 aircraft was separated into configuration modifications culminating in a distributed electric propulsion flight
demonstrator named Modification IV (a.k.a., Mod IV). One of these configurations, the X-57 Mod III aircraft, involved
flight-testing of a long, slender, high-aspect-ratio wing with two electric motors located at the wingtips. The X-57 Mod III
wing ground vibration test was performed in the Flight Loads Laboratory at the National Aeronautics and Space Adminis-
tration Armstrong Flight Research Center to measure the structural dynamics properties of the newly developed wing, and
to confirm airworthiness of the Mod III/IV aircraft. This paper describes the testing performed to acquire the modal data and
the subsequent results from the test.

Keywords Electric · Ground Vibration Test · Modal · X-57

Introduction

The X-57 “Maxwell” all-electric experimental aircraft was based on a modified general aviation Tecnam P2006T (TECNAM
S.p.A., Costruzioni Aeronautiche Tecnam, Capua, Italy) twin engine airplane [1, 2]. The plan was to have the X-57 aircraft
undergo several iterative modifications, building up to a distributed-electric propulsion demonstrator aircraft. The originally
planned modification sequence is shown in Fig. 1. Midway through the project lifecycle, the third and fourth modifications
were merged as Modification (Mod III/IV). Modification (Mod) I is the baseline Tecnam P2006T airplane with two inboard
gas-powered engines. Mod II expanded on Mod I by replacing the gas-powered engines with electric motors that were
powered by traction batteries. The plan for Mod III/ IV was to incorporate a new high-aspect-ratio wing design with the two
electric cruise motors moved outboard to the wingtips as well as 12 high-lift electric motors mounted and distributed along
the wing leading edge. The X-57 project, however, was cancelled before Mod III/IV took flight.

The National Aeronautics and Space Administration (NASA) Armstrong Flight Research Center (AFRC) Flight Loads
Laboratory (FLL) [3–5] conducted a ground vibration test (GVT) on the X-57 Mod III wing, as shown in Fig. 2, in order
to gather the wing modal data to correlate to the fundamental wing modes in the finite element model (FEM). The resulting
tuned FEM helped with early updates to the classical and whirl flutter analyses for the Mod III and Mod IV aircraft. Also,
having the GVT performed early in the wing design process helped reduced programmatic risk by identifying any problems
before the wing was mounted to the aircraft fuselage. Two main configurations were tested, one was the Mod III wing with
the cruise motor nacelle mass simulators at the wingtips, as shown in Fig. 2, and the other was the clean wing on its own, as
shown in Fig. 3. The Mod III wing GVT was conducted prior to the fabrication of wingtip cruise motor nacelles; therefore,
cruise motor nacelle mass simulators were used. The Mod III wing was mounted on the wing loads test fixture (WLTF) as
the GVT was conducted using a text fixture shared with the wing proof loads test [6]. The test also incorporated various
flap and aileron settings to measure the effect of deployment on the control surface modes. A total of 192 test runs were
performed for the X-57 Mod III wing GVT from May to June 2019.
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Fig. 1 X-57 Maxwell configuration modifications

Fig. 2 X-57 Mod III wing ground vibration test setup in the Flight Loads Laboratory at Armstrong Flight Research Center.
Setup shown in a four-shaker configuration
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Fig. 3 X-57 Mod III clean wing at the National Aeronautics and Space Administration Armstrong Flight Research Center
Flight Loads Laboratory

Test Objectives

The objective of the GVT was to capture modes that were predicted to be participants in the wing flutter mechanism [7].
For the primary objectives, frequencies, mode shapes, and damping were collected for wing 1st bending (W1B); wing
2nd bending (W2B); wing 1st torsion (W1T), wing fore/aft; and bending and rotation modes of the flaps and ailerons
(early FEM predictions indicated significant responses from the control surfaces). Secondary objectives included measuring
control surface modes for the clean wing configuration to understand the effect of wing deflection (resulting from the wingtip
mounted motors) on the control surface modes. Data gathered during the GVT helped characterize the Mod III wing structure
and facilitate updates to the wing FEM model. The tuned FEM was used to update both the classical and whirl flutter analyses
after the GVT.

Test Description

The following sections go further into detail about the X-57 Mod III wing test article, the finite element model, and additional
details of the GVT.

Test Article
The original Tecnam P2006T wing was to be replaced with a newly constructed wing for the X-57 Mod III/IV aircraft. The
Mod III/IV wing was manufactured by Empirical Systems Aerospace, Inc. (ESAero) (San Luis Obispo, California). Unlike
the original P2006T, the Mod III wing was designed to have a smaller chord and a higher-aspect-ratio wing when compared
to the original P2006T wing, which would help increase cruise flight efficiency. Table 1 shows the various dimensions and
weight specifications for the Mod III wing. Note that the weights in this table were provided in April 2019, which was prior
to the X-57 Mod III wing GVT.

For this GVT, two different configurations were tested:

• Configuration A: wing + wingtip mounting plates + cruise nacelle mass simulators
• Configuration B: clean wing

Configuration A was tested first, and since the wingtip cruise nacelles and electric motors had not yet been fabricated at
the time, mass simulators were added at the ends of each wingtip to simulate the actual mass and center-of-gravity locations
of the real electric cruise motors. For these mass simulators to interface with the wing, wingtip plates had to be made and
were installed at the end of each wing, which then allowed the mass simulators to be mounted onto the wing plates. After
the GVT of configuration A was completed, the cruise nacelle mass simulators as well as the wingtip plates were removed
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Table 1 X-57 Mod III wing specifications (as of April 2019) prior to the ground vibration test

Wing properties Dimensions
Aspect ratio 15
Mean aerodynamic chord 2.13 ft
Wingspan 31.63 ft
Wing area 67 ft2

Taper ratio 0.7
Tip chord 1.74 ft
Root chord 2.48 ft
Weight (clean wing including H-frame) 313.5 lb
Weight (wing + wingtip mounting plates) 352.5 lb
Weight (wing + wingtip mounting plates + cruise nacelle mass
simulators (× 2))

581.5 lb

Mod III estimate for weight (cruise nacelle (×1)) 134 lb

Fig. 4 X-57 Mod III wing ground vibration test configuration A (Fig. 4a); and configuration B (Fig. 4b)

for configuration B for the clean Mod III wing. Figure 4 shows the differences between the two GVT configurations at the
wingtips (Fig. 4a and Fig. 4b).

Finite Element Model

The X-57 Mod III wing FEM was used for both modal and flutter analysis to generate pre-test predictions for the GVT. The
FEM modal analysis was performed using MSC Nastran (MSC Software Corporation, Newport Beach, California) for the
Mod III wing for boundary conditions of the wing fixed at the H-frame mounting points, as well as the wing mounted on the
WLTF. Figure 5 shows the FEM models for configuration A (Fig. 5a) with the cruise nacelles, and configuration B (Fig. 5b)
with only the clean wing.

For the fixed-wing boundary case, the four attachment points of the H-frame underneath the Mod III wing, which connect
the wing to the fuselage, were rigidly fixed in all degrees of freedom (DOF). Figure 6 shows the location of the H-frame
with respect to the Mod III wing.

In addition to the fixed-wing FEM predictions, modal analysis was performed with the Mod III wing FEM on the WLTF
FEM for comparison between the two, as shown in Fig. 7. The WLTF was designed and fabricated by Pyramid Space, Inc.
(Carlsbad, California) and allowed the Mod III wing to be mounted on the fixture in the FLL for both the GVT as well as
the proof loads test.

The WLTF has eight bolt locations (two at each corner) so that it can be bolted into the floor tracks of the FLL. Initially,
the WLTF FEM had all eight bolt locations rigidly fixed, resulting in a FEM prediction of 72.08 Hz for its 1st frequency.
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Fig. 5 X-57 Mod III wing finite element model configuration A (Fig. 5a) with the cruise nacelles; and configuration B
(Fig. 5b) with only the clean wing.

Fig. 6 H-frame location underneath the X-57 Mod III wing

Fig. 7 Finite element model for the wing loads test fixture
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For the FEM prediction verification, a small GVT was performed with the WLTF in the FLL prior to the X-57 Mod III
Wing GVT. It was found that the 1st frequency of the WLTF was 58.38 Hz, about 23 percent lower than what was initially
predicted. To model the boundary condition more closely to what was observed, the WLTF FEM was updated with each of the
bolt locations having both X- and Y-axes rigidly fixed as a Rigid Body Element type 3 point, while the Z-axis translational
vertical direction was fixed via a stiff CELAS2 spring, as shown in Fig. 8. The updated WLTF FEM boundary condition
resulted in a 1st frequency of 55.68 Hz, which was close to what was seen in the WLTF GVT.

Fig. 8 Updated wing loads test fixture finite element model boundary condition, with the center of the Rigid Body Element
type 3 point fixed in the Z-axis translational vertical direction via a stiff CELAS2 spring

The WLTF FEM with the updated boundary condition was then mated with both Mod III wing configurations, as shown
in Fig. 9. The resulting FEM modal frequencies between the fixed-wing-only case and the wing with the WLTF were very
similar for both configuration A (Fig. 9a) and configuration B (Fig. 9b). It should be noted that for both configurations,
coupling was seen in the mode shapes between the Mod III wing and the WLTF at around 52 Hz.

Fig. 9 Finite element model for the X-57 Mod III wing on the wing loads test fixture for configuration A (Fig.9a); and
configuration B (Fig.9b).

Test Configurations
Table 2 shows an example of the test configuration matrix used by the NASA AFRC structural dynamic test engineers
to ensure that the test objectives were achieved. The table highlights the different test cases with varying aileron or flap
position and excitation methods, locations, or directions. At the discretion of the test engineers, test cases B2 and B6 were
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Table 2 Test configuration matrix for the X-57 Mod III wing ground vibration test
Table 2 Test configuration matrix for the X-57 Mod III wing ground vibration test 

Configuration Test 
case 

Aileron 
position Flap position Shaker / 

impact 
Shaker/impact 

locations 

Shaker/ 
impact 

direction 

Shaker force 
level 

C
on

fig
ur

at
io

n 
A

 

Wing with 
cruise 
nacelle 

simulators 

A1 

Locked & 
neutral 

Locked & stowed 
(0%) 

Shaker 
(x2) Wing TE spar 30° F/A, 

Vert, 
F/A, lat 

Low, med, high 
A2 Shaker 

(x4) 

Wing TE spar 
& flap TE 

center 

A3 Shaker / 
impact 

Control 
surfaces 

OB TE & TE 
center 

Vert, F/A Low 

A4 
Unlocked 
& neutral 

Shaker 
(x2) Wing TE spar 

30° F/A, 
Vert, 

F/A, lat 
Low, med, high 

A5 

Shaker / 
impact 

Control 
surfaces 

OB TE & TE 
center 

Vert, F/A 

Low A6 

Locked & 
neutral 

Locked & slightly 
deployed (0% - just off 

stops) Vert, lat, 
F/A 

A7 Locked & deployed 
(100% - relevel accels) 

C
on

fig
ur

at
io

n 
B

 

Clean 
wing 

B1 

Locked & 
neutral 

Locked & stowed 
(0%) 

Shaker 
(x2) Wing TE spar 30° F/A, 

vert, F/A, 
lat 

Low, med, high 
B2 Shaker 

(x4) 

Wing TE spar 
& flap TE 

center 

B3 Shaker / 
impact 

Control 
surfaces 

OB TE & TE 
center 

Vert, F/A Low 

B4 
Unlocked 
& neutral 

Shaker 
(x2) Wing TE spar 

30° F/A, 
vert, F/A, 

lat 
Low, med, high 

B5 

Shaker / 
impact 

Control 
surfaces 

OB TE & TE 
center 

Vert, F/A 

Low B6 
Locked & 

neutral 

Locked & slightly 
deployed (0% - just off 

stops) Vert, lat, 
F/A 

B7 Locked & deployed 
(100% - relevel accels) 

Accelerometer (accel); fore/aft (F/A); lateral (lat); outboard (OB); trailing edge (TE); vertical (vert) 
 
Ailerons were never deflected during the GVT and were either locked or unlocked at a neutral setting. Figure 10 shows an 
aileron actuation mechanism device, shown as the green Unistrut frame (Figure 10a), and a close-up view that was 
constructed in front of the Mod III wing leading edge to lock the ailerons manually (Figure 10b). Two cables were connected 
to the left and right ailerons, and each cable required about 44 lb of force to lock the ailerons in place. In-line load cells were 
placed on these cables to monitor the loads during the test. For any test cases that involved unlocked ailerons, the cables were 
disconnected and removed. 

not performed. For test case B2, it was found that a four-shaker setup in configuration A did not yield clean data as desired.
Test case B6 was a secondary objective and was eliminated due to time constraints.

Ailerons were never deflected during the GVT and were either locked or unlocked at a neutral setting. Figure 10 shows an
aileron actuation mechanism device, shown as the green Unistrut frame (Fig. 10a), and a close-up view that was constructed
in front of the Mod III wing leading edge to lock the ailerons manually (Fig. 10b). Two cables were connected to the left
and right ailerons, and each cable required about 44 lb of force to lock the ailerons in place. In-line load cells were placed
on these cables to monitor the loads during the test. For any test cases that involved unlocked ailerons, the cables were
disconnected and removed.
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Fig. 10 Aileron actuation mechanism in front of the X-57 Mod III wing (Fig. 10a); and close-up view with the cables
attached (Fig. 10b)

The Mod III wing flaps were driven by an actuator that locked the flap position when unpowered in all test cases. Flap
position settings used during the GVT were stowed, slightly deployed (released just off their stops), and fully deployed at
the maximum setting. It should be noted that the stowed and slightly deployed flap configurations were considered a 0-deg
flap deflection setting, while the fully deployed flap case was considered a 30-deg flap deflection setting. For test cases that
required the flaps to be slightly deployed or fully deployed, an external power supply was connected to electrically actuate the
flaps to the desired position prior to test execution. Cables connecting the flap to the external power supply were disconnected
before performing the test runs to avoid unwanted mass to the test article. Furthermore, for the fully deployed flap setting,
GVT accelerometers on the flaps had to be releveled as their orientations had changed. Excitation was predominantly done
with two shakers, one at each of the wingtips, oriented either vertically or fore/aft depending on the test run. There were
several test runs that had a four-shaker configuration, as shown in Fig. 2, with an additional shaker located at each of the left
and right flaps. An impact hammer excitation was also used, primarily for the control surface investigation.

Ground Vibration Test Setup

Prior to the GVT, both weight and balance measurements were performed on the X-57 Mod III wing. Due to the flap actuator
mechanism located near the left outboard wingtip, about 5 lb of ballast had to be placed on the right-wing side to keep the
wing level. This additional weight was considered for subsequent updated weight and center-of-gravity calculations. Before
installing the Mod III wing onto the WLTF, the test fixture itself was torqued to 220lb (±20 ft-lb) to the FLL floor tracks and
shimmed to provide leveling. For configuration A, the wingtip plates and cruise nacelle mass simulators were installed onto
the Mod III wingtips before the wing was mounted onto the WLTF. These wingtip plates and cruise nacelle mass simulators
were later removed for configuration B for the clean wing case. At the time of the X-57 Mod III wing GVT, the flight
accelerometers for the wing were not ready, so no data was collected during the GVT using flight instrumentation.

Ground Vibration Test Instrumentation

For the X-57 Mod III wing GVT, the data acquisition (DAQ) used was the LAN-XI DAQ hardware system (Brüel & Kjær,
Nærum, Denmark), which was the first large-scale GVT by NASA AFRC using this DAQ system. Four mainframes were
used, including two LAN-XI Type 3660-D11-slot mainframes and two LAN-XI Type 3660-C 5-slot mainframes, and were
all connected via a network switch. Accelerometer outputs and force transducers for both the impact hammer and shakers
were connected to the 12-channel accelerometer LAN-XI Type 3053 modules and shaker generator LAN-XI Type 3160
modules. The setup of the LAN-XI DAQ hardware is shown in Fig. 11.

Two different types of accelerometer sensors were used for this test, including the PCB T356A16 low-frequency triaxial
and the PCB T33B32 low-frequency uniaxial (PCB Piezoelectronics, Inc., Depew, New York). The Mod III wing and its
flaps and ailerons, as well as portions of the H-frame and the wingtip plates (used to interface the cruise nacelle mass
simulator to the wing) were instrumented with these PCB T356A16 triaxial accelerometers. The WLTF, the cruise nacelle
mass simulators, and the connection points between the WLTF and the H-frame were instrumented with PCB T33B32
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Fig. 11 LAN-XI data acquisition hardware system used for the X-57 Mod III wing ground vibration test

uniaxial accelerometers. It should be noted that for this GVT, data was gathered in all three degrees of freedom for all test
node locations. At some test node locations, three uniaxial accelerometers were used to build up a triaxial measurement.

The excitation for this GVT was provided using both shakers and an impact hammer. The shakers were used to excite
throughout the wing structure, while the impact hammer was used for local excitation of the individual control surfaces. Two
different MB Dynamics (MB Dynamics, Inc., Cleveland, Ohio) electromagnetic shaker types were used, the Modal 110 and
the Modal 50A. Depending on the test case for a particular run, either a two-shaker or a four-shaker configuration was u

Ground Vibration Test Accelerometer Layout

For configuration A of the X-57 Mod III wing GVT, a total of 104 accelerometer locations were installed measuring 312
DOF, whereas for configuration B with the clean wing (i.e., cruise nacelle mass simulators and wingtip plates removed), there
were 96 total accelerometer locations measuring 288 DOF. Accelerometers were installed at various locations for the X-57
Mod III wing along the spars and ribs of the wing and along the hinge lines for the control surfaces. All sensors were installed
using the global coordinate system of the airplane. It should be noted that several of the flap leading edge accelerometers had
to be installed on the underside of the wing to avoid interference with the wing in the stowed-flaps configuration. Table 3
shows the number of accelerometers and DOF count for this GVT.

Table 3 Accelerometer and degrees of freedom count breakdown for the X-57 Mod III wing ground vibration test

Description # of accelerometer locations # of DOF
Wing 81 243
H-frame 7 21
Wing loads test fixture (WLTF) 8 24
Cruise nacelle mass simulators and wingtip plates 8 24
Total 104 312
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The numbering convention for all the various accelerometer locations of this GVT is detailed in Table 4. The triaxial
accelerometer locations for the wing are shown in Fig. 12.

Table 4 X-57 Mod III wing ground vibration test accelerometer node numbering convention

Description Node Series # Description Node Series #
Left wing forward spar 1100 Right aileron 6000
Left wing mid spar 1200 Wing center 7000
Left wing aft spar 1300 Left cruise nacelle simulator 8100
Right wing forward spar 2100 Right cruise nacelle simulator 8200
Right wing mid spar 2200 Left mass simulator plate 8300
Right wing aft spar 2300 Right mass simulator plate 8400
Left flap 3000 Wing loads test fixture (WLTF) 9000
Right flap 4000 WLTF attachment points 9100
Left aileron 5000 H-frame 9200

Fig. 12 Ground vibration test triaxial accelerometer locations for the X-57 Mod III wing

Figure 13 shows the triaxial accelerometer locations for the H-frame. Notice that the forward WLTF connection points
to the H-frame do not line up linearly underneath, exactly where the forward wing points attach to the H-frame.

Fig. 13 Ground vibration test triaxial accelerometer locations for the H-frame, with other accelerometers on the wing and
the wing loads test fixture side for reference

Figure 14 shows the triaxial accelerometer locations for the WLTF during the test. Since the GVT had been previously
performed on the WLTF by itself and, at the time, confirmed that its 1st frequency was above most of the modal frequencies
of interest for the Mod III wing, only the top portions of the WLTF and its connection points to the wing, via the H-frame
adapter, were instrumented with accelerometers. For the cruise nacelle mass simulators and the wingtip plates, there were
only eight total accelerometer locations, with one sensor each, located at both the forward and aft ends.
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Fig. 14 Ground vibration test triaxial accelerometer locations for the wing loads test fixture

Test Display Model

The GVT test display models were created in the BK Connect® (Brüel & Kjær, Nærum, Denmark) software with triangular
elements and assisted the test engineers with visualizing the test mode shapes throughout testing. Due to the large deflections
between the stowed and the fully deployed flap cases, separate GVT test display models were created for configurations A
and B. For configuration A, since there was little difference in the flap coordinate cases between the flap stowed and flaps
slightly deployed, the same test display model was used for both cases. Figure 15 shows the test display models created for
configuration A with the flaps stowed, slightly deployed, and fully deployed.

Fig. 15 Test display models or ground vibration test models for configuration A (Fig. 15a) with flaps stowed and flaps
slightly deployed; and with flaps fully deployed configuration B (Fig. 15b)

Likewise, Fig. 16 shows the test display models created for configuration B, with the flaps stowed as well as the flaps
fully deployed. The difference in configuration B versus configuration A is that the cruise nacelle mass simulator and wingtip
plates were removed in the configuration B test display models.
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Fig. 16 Test display models or ground vibration test models for configuration B (Fig. 16a) with the flaps stowed; and the
flaps fully deployed Configuration B (Fig. 16b)

Results

A total of 192 test runs were completed during the X-57 Mod III wing GVT. Data was gathered using BK Connect® software.
The following sections discuss the modal test results for the two different wing configurations and at various flap settings,
including configuration A with the flaps stowed, flaps fully deployed, and flaps slightly deployed, and configuration B with
the flaps stowed and flaps fully deployed. With the flaps slightly deployed, configuration B was not performed as originally
planned. Although GVT data was gathered for both ailerons in the locked, unlocked, and neutral position, only data from
aileron locked cases is presented. Note that the FEM and GVT frequency comparisons, which are presented in the following
sections, utilized the non-tuned FEM before correlation updates were performed.

Configuration A – Flaps Stowed

The Mod III GVT started with configuration A with the wingtip cruise nacelle mass simulators along with the flaps stowed
and ailerons locked. Initial findings from this test configuration informed how the remainder of the GVT was to be conducted.
There were several test runs that involved a four-shaker configuration with an additional two shakers (one at each of the left
and right flaps); however, post-processing of those test runs indicated that the frequency response functions (FRFs) were not
as clean as desired, and the four-shaker configuration was subsequently dropped for the remaining test runs. Normally, for
shaker testing, burst random excitation is used. After the test conductors noticed that some of the accelerometers experienced
a DC offset and that the time history decay in the data never settled out, the shaker excitation was switched to a continuous,
random setting for the remainder of the test. In addition, impact hammer excitations were performed on the flaps and the
ailerons to excite these control surfaces; however, post-processing of the impact hammer results during the GVT showed
poor quality FRFs and mode shapes for the Mod III wing control surfaces. Data collected for the remainder of the test
cases for configuration A exhibited similar results. As a result, the impact hammer excitation method was eliminated for the
configuration B testing.

Table 5 lists the dominant wing and control surface modes with their GVT frequencies compared to FEM predictions for
the Mod III wing in configuration A with the flaps stowed and ailerons locked. Mode names presented in Table 5 have been
shortened to focus on the dominant motion. Percentage differences, highlighted in red, indicate that the error between GVT
and the FEM frequency is greater than 5 percent. Frequency errors between the GVT and FEM predictions were consistently
>5 percent starting at a GVT frequency of approximately 40Hz, which suggests coupling between WLTF and Mod III wing
modes occurred at frequencies even lower than the 55 Hz (as predicted by the pre-test FEM of the Mod III wing mated to
the WLTF). Visualization of mode shapes starting at approximately 40 Hz showed significant motion of the WLTF top plate
(accelerometer node 9001-9004). This coupling between the WLTF and Mod III wing was observed in both configurations
A and B.

Figure 17 shows the GVT mode shapes and frequencies for the dominant wing and the control surface modes that were
listed in Table 5. What was noticed immediately was nearly all the modes exhibited asymmetry, with one side of either
the wing or the control surface being more dominant than the other. Most of the wing modes were in line with the FEM
predictions, with the exception of the anti-symmetric wing fore/aft (AWFA) and the symmetric wing fore/aft (SWFA) modes,
as shown in Fig. 17c and Fig. 17d, respectively, which occurred at higher frequencies than expected. In addition, the AWFA
and the SWFA modes were the only wing modes that showed no asymmetry between the left and right sides of the wing.
The control surface modes with the flaps and ailerons also exhibited this asymmetry in their mode shapes, with the exception
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Table 5 Configuration A – flaps stowed and ailerons locked: frequency comparison between finite element model and
ground vibration test

Mode name FEM frequency, Hz GVT frequency, Hz Percent difference from FEM Notes on GVT mode shape
Anti-sym wing 1st bending (AW1B) 2.11 2.14 1.68% Left wing dominant
Sym wing 1st bending (SW1B) 2.26 2.26 -0.05% Left wing dominant
Anti-sym wing fore/aft (AWFA) 5.12 6.22 21.53% Both wings dominant
Sym wing fore/aft (SWFA) 7.14 7.91 10.85% Both wings dominant
Anti-sym wing 2nd bending
(AW2B)

14.62 14.82 1.42% Left wing dominant

Sym wing 2nd bending (SW2B) 15.62 15.76 0.89% Right wing dominant
Anti-sym wing 1st torsion (AW1T) 21.89 22.81 4.21% Left wing dominant
Sym wing 1st torsion (SW1T) 22.42 23.35 4.15% Right wing dominant
Anti-sym flap sine wave bending 31.06 36.10 16.22% Right-flap sine wave. GVT has no anti-

sym shape. Only right flap responding.
Sym flap sine wave bending 31.12 40.89 31.42% Left-flap sine wave. GVT has no sym

shape. Only left flap responding.
Sym flap rotation 34.47 52.20 51.46% Left-flap dominant
Anti-sym flap rotation 36.96 49.99 35.23% Right-flap dominant with AWFA &

right aileron bending
Anti-sym aileron rotation 46.21 100.11 116.66% Left aileron dominant
Sym aileron rotation 46.93 122.79 161.67% Both ailerons dominant
Anti-sym aileron bending 59.83 66.81 11.67% Left aileron dominant
Sym aileron bending 61.41 68.43 11.43% Right aileron dominant
symmetric (sym); anti-symmetric (anti-sym)

Fig. 17 Ground vibration test mode shapes and frequencies for configuration A – flaps stowed and ailerons locked
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of the symmetric aileron rotation mode in Fig. 17(p). It should be noted that all GVT flap and aileron mode frequencies
were much higher than what the FEM had predicted. Particularly, the anti-symmetric and symmetric aileron rotation modes
exhibited well over a 100-percent frequency difference between the GVT and FEM, indicating that the aileron wing hinge
and/or the GVT aileron actuation mechanism connection stiffness was more rigid than expected.

Configuration A – Flaps Deployed
For the next flap setting of configuration A, the flaps were deployed at the maximum deflection setting of approximately 30
degrees. This configuration checked for any significant effects to the mode shapes or frequencies, particularly for the flaps,
when compared to the stowed-flap case. The GVT accelerometers on the flaps were releveled for orientation back into the
aircraft coordinate system prior to the deployed flaps test runs since the flap accelerometers were initially installed when the
flaps were stowed. Table 6 compares GVT frequencies between the wing and control surface modes of configuration A for
the flaps stowed case in the left column, and the flaps deployed case in the right column. Percentage values in red indicate
that the frequency shift between the flaps deployed case and the flaps-stowed case is greater than 5 percent magnitude. Note
that pre-test FEM modal predictions were only done for both configuration A and B with the flaps stowed, so there were no
direct GVT to FEM comparison for the cases where the flaps were either fully deployed or slightly deployed. Having the
flaps fully deployed lowered frequencies for several flap modes compared to the flaps-stowed case. These modes included
the right-flap sine wave bending, the left-flap sine wave bending, as well as the symmetric flap rotation mode. Although,
the anti-symmetric flap rotation GVT mode frequency was lower than that of its counterpart in the flaps-stowed case, the
difference was not as pronounced as the symmetric flap rotation mode, which was lower than the stowed GVT result by
about 32 percent.

Table 6 Ground vibration test frequency comparison for configuration A between flaps stowed and ailerons locked versus
flaps deployed and ailerons locked

Mode Name Flaps stowed
GVT frequency, Hz

Flaps deployed
GVT frequency, Hz

% difference
from flaps stowed

Anti-sym wing 1st bending (AW1B) 2.14 2.14 -0.15%
Sym wing 1st bending (SW1B) 2.26 2.26 0.03%
Anti-sym wing fore/aft (AWFA) 6.22 6.04 -2.95%
Sym wing fore/aft (SWFA) 7.91 7.54 -4.64%
Anti-sym wing 2nd bending (AW2B) 14.82 14.69 -0.89%
Sym wing 2nd bending (SW2B) 15.76 15.60 -0.96%
Anti-sym wing 1st torsion (AW1T) 22.81 22.84 0.14%
Sym wing 1st torsion (SW1T) 23.35 23.38 0.13%
Right-flap sine wave bending 36.10 30.59 -15.26%
Left-flap sine wave bending 40.89 32.58 -20.31%
Anti-sym flap rotation 49.99 47.50 -4.98%
Sym flap rotation 52.20 35.40 -32.18%
Anti-sym aileron bending 66.81 64.11 -4.05%
Sym aileron bending 68.43 68.90 0.69%
Anti-sym aileron rotation 100.11 96.96 -3.15%
Sym aileron rotation 122.79 115.27 -6.13%

Configuration A – Flaps Slightly Deployed
Configuration A with the flaps slightly deployed is similar to the flaps-stowed case with the following exception; when the
flaps are released from their stops, a slight movement aft was created during flap positioning. In the case where flaps were
slightly deployed, Table 7 shows a comparison of the GVT frequencies between the wing and control surface modes for
configuration A with the flaps slightly deployed and the other two flap settings discussed earlier. The two right columns of
the table show the percentage difference for the slightly deployed flap cases when compared to the stowed-flap and deployed-
flap cases, respectively. Percentage values in red indicate frequency differences of greater than 5 percent. Wing modes did
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Table 7 Configuration A – ground vibration test: frequency comparison between the flaps-stowed and flaps-deployed cases
versus the flaps slightly deployed case

Mode name Flaps stowed
GVT frequency, Hz

Flaps deployed
GVT frequency, Hz

Flaps slightly deployed
GVT frequency, Hz

Percent difference
from stowed

Percent difference
from deployed

Anti-sym wing 1st bending
(AW1B)

2.14 2.14 2.12 -1.26% -1.11%

Sym wing 1st bending (SW1B) 2.26 2.26 2.23 -1.12% -1.15%
Anti-sym wing fore/aft (AWFA) 6.22 6.04 6.11 -1.81% 1.17%
Sym wing fore/aft (SWFA) 7.91 7.54 7.54 -4.71% -0.07%
Anti-sym wing 2nd bending
(AW2B)

14.82 14.69 14.76 -0.45% 0.44%

Sym wing 2nd bending (SW2B) 15.76 15.60 15.76 0.04% 1.00%
Anti-sym wing 1st torsion
(AW1T)

22.81 22.84 22.78 -0.12% -0.25%

Sym wing 1st torsion (SW1T) 23.35 23.38 23.32 -0.11% -0.23%
Right-flap sine wave vertical
bending

36.10 30.59 30.56 -15.34% -0.10%

Left-flap sine wave vertical
bending

40.89 32.58 34.43 -15.80% 5.66%

Anti-sym flap rotation 49.99 47.50 N/A N/A N/A
Sym flap rotation 52.20 35.40 39.92 -23.53% 12.75%
Anti-sym aileron vertical
bending

66.81 64.11 66.33 -0.72% 3.47%

Sym aileron vertical bending 68.43 68.90 67.23 -1.76% -2.43%
Anti-sym aileron rotation 100.11 96.96 111.99 11.87% 15.51%
Sym aileron rotation 122.79 115.27 117.76 -4.10% 2.16%

not change much between the three different flap settings, less than 2 percent. Most of the significant change was seen in the
control surface modes. Note that for this configuration (flaps slightly deployed) the anti-symmetric flap rotation mode was
not found in the GVT. For the right- and left-flap sine wave vertical bending modes and flaps slightly deployed, the GVT
frequencies were approximately 15 percent lower compared to the stowed-flap case. When compared to the deployed-flap
case, the right-flap sine wave vertical bending was on par, whereas with the left-flap sine wave vertical bending, the slightly
deployed flap case was slightly higher. The frequency difference between the slightly deployed flap case and the stowed
case was also higher for the symmetric-flap rotation mode when compared to the deployed flap case; however, for the anti-
symmetric aileron rotation mode (flaps slightly deployed), the GVT result was much higher for the deployed case as opposed
to the stowed case.

Configuration B – Flaps Stowed
Configuration B represents the clean X-57 Mod III wing (i.e., the cruise nacelles mass simulator and its associated wingtip
plates were removed prior to testing). Table 8 lists the dominant wing and control surface modes with their GVT frequencies,
compared to the FEM for the Mod III wing in configuration B with the flaps stowed and ailerons locked. Mode names in
Table 8 have been shortened to focus on the dominant motion. The FEM predictions presented are from the model using
the fixed-wing boundary condition case without the WLTF incorporated. Percentage differences, highlighted in red, indicate
that the error between GVT and FEM frequency is greater than 5 percent. Like the previous test configuration, configuration
B saw coupling between the WLTF and the Mod III wing starting around a GVT frequency of approximately 40 Hz, which
was lower than the 55 Hz predicted by the pre-test FEM.

Figure 18 shows the GVT mode shapes and frequencies for the wing and control surface modes listed in Table 8 for
configuration B with the flaps stowed and ailerons locked. Similar to configuration A, many of the modes for both the wing
and control surfaces exhibited asymmetry, with one side being more dominant than the other. As expected, removing the
cruise nacelle mass simulators at the wingtips for the clean wing configuration increased the wing GVT frequencies. For the
AWFA mode in Fig. 18(c), like in configuration A with the flaps stowed, the GVT frequency was higher when compared
to the FEM; however, the GVT frequency for the SWFA mode in Fig. 18(d) was in line with what the FEM had predicted.
Whereas both wings were equally dominant for the AWFA and SWFA modes for configuration A, with configuration B
(with the flaps stowed), the asymmetry was seen again with the AWFA mode showing left-wing dominance and the SWFA
mode showing right-wing dominance. In addition, both the anti-symmetric wing 1st bending (AW1B) and the symmetric
wing 1st bending (SW1B) modes (shown in Fig. 18a and Fig. 18b, respectively), were about 8 percent lower than what
the FEM had estimated. Unlike configuration A (flaps-stowed case), both the anti-symmetric wing 1st torsion (AW1T) and
symmetric wing 1st torsion (SW1T) modes for this configuration were not exactly pure wing modes; the AW1T mode (shown
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Table 8 Configuration B – flaps stowed and ailerons locked: Frequency comparison between finite element model and
ground vibration test

Mode Name FEM frequency,
Hz

GVT frequency,
Hz

Percent difference
from FEM

Notes on GVT mode shape

Anti-sym wing 1st bending (AW1B) 6.32 5.76 -8.88% Left wing dominant
Sym wing 1st bending (SW1B) 7.13 6.55 -8.21% Right wing dominant
Anti-sym wing fore/aft (AWFA) 12.95 15.14 16.87% Left wing dominant
Sym wing fore/aft (SWFA) 19.99 20.64 3.26% Right wing dominant
Anti-sym wing 2nd bending (AW2B) 24.84 23.90 -3.78% Left wing dominant
Sym wing 2nd bending (SW2B) 26.95 26.36 -2.20% Right wing dominant
Anti-sym wing 1st torsion (AW1T) N/A 84.43 N/A NOT IN FEM: see Anti-sym aileron bending

below.
Sym wing 1st torsion (SW1T) N/A 51.15 N/A NOT IN FEM: Left wing dominant with strong

left-flap bending and left aileron bending
Anti-sym flap sine wave bending 31.09 41.61 33.86% Left-flap sine wave. GVT has no anti-sym

shape.
Sym flap sine wave bending 31.19 46.36 48.64% Right-flap sine wave. GVT has no sym shape.

Right-flap-outboard half dominant.
Sym flap rotation 35.65 N/A N/A DID NOT SHOW UP IN GVT
Anti-sym flap rotation 39.24 70.60 79.91% Right-flap dominant with right aileron bending.
Anti-sym aileron rotation 46.42 89.28 92.32% Both dominant with slight left wing torsion.
Sym aileron rotation 48.34 116.22 140.41% Both dominant with slight left wing torsion.
Anti-sym aileron bending 58.66 84.43 43.93% Left aileron dominant with anti-sym wing tor-

sion (left dominant) & left-flap bending.
Sym aileron bending 58.82 78.71 33.81% Left aileron dominant with sym wing torsion

(left dominant) & left-flap bending.
symmetric (sym); anti-symmetric (anti-sym)

Fig. 18 Ground vibration test mode shapes and frequencies for configuration B – flaps stowed and ailerons locked
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Table 9 Ground vibration test frequency comparison for configuration B between flaps stowed versus flaps deployed

Mode Name Flaps stowed
GVT frequency, Hz

Flaps deployed
GVT frequency, Hz

Percent
difference from

stowed
Anti-sym wing 1st bending (AW1B) 5.76 5.83 1.21%
Sym wing 1st bending (SW1B) 6.55 6.69 2.15%
Anti-sym wing fore/aft (AWFA) 15.14 14.77 -2.42%
Sym wing fore/aft (SWFA) 20.64 18.57 -10.01%
Anti-sym wing 2nd bending (AW2B) 23.90 23.91 0.02%
Sym wing 2nd bending (SW2B) 26.36 25.80 -2.13%
Right-flap sine wave vertical bending 46.36 30.87 -33.42%
Left-flap sine wave vertical bending 41.61 32.57 -21.73%
Sym wing 1st torsion (SW1T) 51.15 57.68 12.77%
Sym aileron vertical bending 61.22 71.07 16.08%
Sym flap rotation N/A 35.93 N/A
Anti-sym flap rotation 70.60 42.87 -39.28%
Anti-sym wing 1st torsion (AW1T) 84.43 56.54 -33.03%
Anti-sym aileron vertical bending 84.43 64.34 -23.79%
Anti-sym aileron rotation 89.28 92.10 3.16%
Sym aileron rotation 116.22 124.10 6.78%

in Fig. 18(l)) had some dominant-left aileron bending as well as left-flap bending, and the SW1T mode (shown in Fig. 18(i))
also exhibited similar behavior with the left aileron and the left flap. These results make sense since the wing torsion modes
shift to much higher frequencies with the removal of the wingtip motor masses and illustrate how the wing was designed
to support large motors mounted at the wingtip. It should be noted that the clean wing FEM did not predict the presence
of either the AW1T or SW1T modes. For the flap and aileron modes, the GVT frequencies were significantly higher than
the FEM predictions, similar to the flaps-stowed case for configuration A with the cruise nacelle mass simulators. Also, the
symmetric flap rotation mode did not manifest during the GVT for this case.

Configuration B – Flaps Deployed

Table 9 lists the frequencies for the wing and the control surface modes for the case with the clean wing, where the flaps are
deployed compared to the previous case with the flaps stowed. Percentage values in red indicate that the frequency difference
between the two GVT results are greater than 5 percent magnitude. The only wing mode that had a large difference from the
flaps-stowed case was the SWFA mode, which was about 10 percent lower. The remainder of the control surface modes saw
big differences between the flaps-stowed and flaps-deployed cases except for both the anti-symmetric and symmetric aileron
rotation modes. Having the flaps deployed probably reduced the stiffness and frequencies for the flap modes. Although the
symmetric flap rotation mode did not appear in the clean wing case with the flaps stowed, it did show up when the flaps were
deployed. For the anti-symmetric flap rotation mode, the dominant flap changed; for the flaps-stowed case, the right flap was
dominant, whereas in the flaps-deployed case, the left flap was dominant. This complex modal behavior of the flaps in both
configurations A and B suggest that the control surface exhibits some nonlinear behavior, which will be further discussed
in the next section. In the clean wing flaps-stowed case, the AW1T and anti-symmetric aileron vertical bending modes were
coupled, which resulted in a shared frequency, whereas in the deployed flap case, the modes were more independent of one
another but still slightly coupled.

Flap Nonlinearity and Finite Element Model Correlation

From this ground vibration test, it was observed that the different flap deployment settings affected flap modal response for
both frequency and damping. From the frequency response plot, shown in Fig. 19, the right- and left-flap modes showed
shifts in frequency when compared to one another between the various flap settings, despite having the same excitation
location and force level input for the three different test runs. Also, the damping values for the flap modes were four to eight
times larger than those of the wing modes, possibly due to nonlinear joints, such as the spherical bearings, associated with
the control surface actuation system.
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For the FEM correlation, a reduced-order model was used to compare the analytical results to the GVT data. Most of
the model tuning effort was focused on updating the joint properties as well as making sure the FEM matched the as-built
hardware of the test article. NASA Technical Standard (NASA-STD-5002), Load Analyses of Spacecraft and Payloads,
defines that for significant modes, agreement between test and analytical frequencies should be within a 5-percent margin,
whereas off-diagonal terms of the cross-orthogonality matrix should be within 10 percent [8]. Note that correlation ofoff-
diagonal terms of the cross-orthogonality matrix is usually difficult at higher frequencies, particularly for complex aerospace
structures. Figures 20, 21, and 22 present cross-orthogonality comparisons before and after FEM correlation to the GVT
data for the stowed, deployed, and slightly deployed flap settings for configuration A. The cross-orthogonality plots show
fundamental wing modes and primary flap bending modes up to approximately 40 Hz and were well correlated but also
highlight some limitations that were encountered. The Mod III wing GVT was performed on a fixture designed for the wing
loads proof test. This test fixture had flexible modes starting at approximately 40 Hz, which affected the GVT-measured
mode shapes. A FEM of the test stand was included during the FEM to GVT correlation; however, more accelerometer
instrumentation measuring test stand modes were required, yet not available, to improve wing mode correlation ≥ 40 Hz.
Another challenge noted was with regards to the FEM versus GVT difference, where no significant response corresponding
to FEM modes 7 and 8 (flap modes) was measured during the GVT when flaps were stowed and slightly deployed (Figs. 20
and 22, respectively); however, these flap modes only showed up in the deployed case, as shown in Fig. 21. The flap modes
were heavily damped in the test data and difficult to extract, likely resulting from the flaps being restrained by contact with
the wing flap-cove surface while in the stowed position.

Fig. 19 Frequency response plot showing the nonlinearity behavior for the different flap settings for configuration A
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Fig. 20a Cross-orthogonality matrix before correlation for configuration A – flaps stowed and ailerons locked

Fig. 20b Cross-orthogonality matrix after correlation for configuration A – flaps stowed and ailerons locked
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Fig. 21a Cross-orthogonality matrix before correlation for configuration A – flaps deployed and ailerons locked

Fig. 21b Cross-orthogonality matrix after correlation for configuration A – flaps deployed and ailerons locked
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Fig. 22a Cross-orthogonality matrix before correlation for configuration A – flaps slightly deployed and ailerons locked

Fig. 22b Cross-orthogonality matrix after correlation for configuration A – flaps slightly deployed and ailerons locked
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Summary

The X-57 Mod III wing ground vibration test was performed to gain a further understanding of the aeroelastic behavior of
the Mod III wing structure. Two main configurations were investigated: the clean wing on its own, and a configuration that
included the cruise nacelle mass simulators. For the most part, frequencies of the wing modes aligned well with finite element
model predictions. Most of the error between the ground vibration test results and the finite element model predictions were
for the flap and aileron modes and were significantly higher than anticipated, indicating the control surface modeling in the
finite element model needed to be updated. Another problem in identifying and processing the ground vibration test results
for these control surface modes was that these modes stay around or above the coupling frequency of the wing loads test
fixture, which was lower than predicted. Using the fixed base correction method for this ground vibration test would have
eliminated the coupling problem that was seen between the wing and the wing loads test fixture [9, 10]. Overall, the project
gained some invaluable insight into the modal behavior of the Mod III wing, which contributed to the subsequent model
updates to the Mod III wing finite element model as well as both the classical and whirl flutter analyses.
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Chapter 2Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Exploring the Capabilities of Open-Source Hard- and
Software for Experimental Dynamics in Rotating Systems

Oliver M. Zobel, Johannes Maierhofer, and Daniel J. Rixen

Abstract This paper presents a first utilization of the Open Acquisition System for IEPE Sensors (OASIS) for experimental
dynamic measurements of an academic test structure with a topology similar to a wind turbine designed to have periodically
changing mass and stiffness parameters. After deriving the analytical equations of a minimal model, the vibrations of the
corresponding test rig are measured using two OASIS boards, one attached to the rotating part and one remaining stationary.
Using open-source Python packages, the modes of the system in different configurations are computed and compared to the
analytical model. Lastly, the frequency response functions (FRF) for various rotational speeds are retrieved and analyzed.
The results show that a complete measurement and analysis process of a mechanical system is possible using mainly open-
source hardware- and software. For this reason, the further development of open-source tools, as well as the development of
new ones, is desirable.

Keywords Open-Source · Acquisition Hardware · Experimental Dynamics · Experimental Modal Analysis · Operational
Vibrations

Introduction

Open-source software brings great advantages; besides being free of charge, it allows everyone to look into the utilized
algorithms and adapt the functionality based on individual requirements. For structural dynamics, many noteworthy Python
packages exist today, e.g., pyFRF, pyFBS, pyUFF, SDynPy, pyIDI, and many more. The same benefits apply to open hard-
ware, allowing to build on other people’s work and customizing for the task at hand. Combining the software side with the
steadily increasing amount of open hardware allows the entire measurement and analysis to be performed solely using open
tools.

One reason for modifiable data acquisition hardware for the authors was the option to wirelessly synchronize multi-
ple systems because this allows measurements on partly rotating structures, i.e., where one part is rotating while another
remains stationary. While commercial systems exist for this purpose, they are too expensive for purely academic investiga-
tions. For this reason, the authors developed the Open Acquisition System for IEPE Sensors (OASIS) [1] with a wireless
synchronization option.

This paper tests the feasibility of performing a mechanical system analysis using OASIS and open-source software. An
academic test structure, with a topology similar to a wind turbine, is used as a test setup. After giving an overview of the
test rig, a theoretical model is derived using analytical mechanic principles. The model’s behavior is then studied using
its eigenvalues and eigenvectors, which depend on the blade angle as well as the blade rotation speed. After detailing the
instrumentation used for the test rig, two experimental campaigns are evaluated: A classical experimental modal analysis for
different blade angles and an operational analysis for different rotation speeds.
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Test Rig Overview

The test rig analyzed in this paper, shown in fig. 1, was designed to mimic the topology of a wind turbine and is based on
an Ampair 600 wind turbine. It consists of three main components: the blade assembly, the nacelle, and the tower with base:

Tower with base Separated from the ground by a spring-based sus-
pension, the tower carries the wind turbine itself. Due to the four
springs, the test rig can easily translate up and down as well as tilt
around axes perpendicular to the ground. In the following, only the tilt-
ing degree of freedom (dof) in the direction of the rotation axis of the
wind turbine is considered for this part.

Nacelle The nacelle holds the shaft of the wind turbine, supported
by ball bearings and driven by an Maxon DC-motor through a plane-
tary transmission and a belt drive. At the end of the shaft, the blade
assembly is attached using a bolt and an interlocking socket.

Blade assembly Two blades, comprising of one standard flat-bar
steel (cross-section 40 × 3mm), are clamped between the two hub
discs, denoted as the hub in the following. At the end of each blade,
an additional mass mC is mounted that is designed to increase cen-
trifugal forces.

Compared to most other wind turbines, the academic test structure only
has two blades and, additionally, there is an additional mass mC at-
tached at the ends of the blades. This design decision was made to
amplify the change of system parameters, e.g., mass and stiffness, with
a change of the blade angle as well as the rotational speed. For in-
stance, the rotational inertia with respect to the forward tilting of the
test rig changes with the blade angle. While this does not apply to wind
turbines with three blades in theory, as they can be considered as an
isotropic disc (assuming rigid blades), it still applies to imperfect or
damaged systems.

Due to the parameters change over time, this system can not be con-
sidered Linear Time Invariant (LTI). However, when the rotation speed
is kept constant, the system can be regarded as Linear Time Periodic
(LTP). Considering this for the modeling process of real systems is rel-
evant because LTP systems can exhibit parametric resonances that are
not present in LTI-approximations of the system [2]. However, such ef-
fects are not analyzed using the proper LTP system theory in this paper,
e.g., by applying Floquet theory as was done in [3].

Here, three selected effects will be modeled using analytical mechanics
and the concept of a minimal model. Such a model aims to capture
the fundamental physical effects using as few degrees of freedom as
possible [4]. The effects specifically modeled are:

Nacelle

Suspension

Additional
Mass mC

Base

Tower

Hub

Blade

Fig. 1 Overview of wind turbine test rig

Periodic rotational inertia Due to the two blades, the rotational inertia changes proportional to twice the rotational speed.
Because the rotational inertia J is identical after a complete revolution or period TP , assuming constant speed, it is said to
be periodic: J(t+ TP ) = J(TP ).

Centrifugal stiffening Another effect arises from the rotation speed α̇. A mass m traveling on a circular trajectory with
constant angular speed α̇ and distance to the center r experiences a centrifugal force FC = mrα̇2, pointing away from the
center of rotation. This introduces a prestress in the blades, which results in an increased stiffness for transverse vibrations
when α̇ > 0, which is proportional to the square of α̇, as will be shown in the following.

Periodic stiffening and softening through gravity Finally, how gravity affects the system depends on the blade angle α.
When the blades are perpendicular to the ground (α = 0◦), the upper blade experiences a compressive force, while the lower
blade experiences a tensile force. This softens or stiffens the blades respectively, analogous to the former effect.
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Since the minimal model is supposed to be as simple as possible, the geometry of the test rig is simplified, assuming the
tower to be rigid, to an inverted pendulum with one rotational dof, as shown in fig. 2. For this, the mass of the nacelle mN

and the hub mH are condensed to m∗
N , neglecting the hub length ℓH . The mass of the tower mT is moved to the height of

the wind turbine rotation axis hT +hN,CoR = h∗T and adjusted to be of equivalent rotational inertia J at the new position. All
modified parameters are denoted by an asterisk superscript, e.g., m∗

T . The determined geometry parameters are summarized
in the table in fig. 2c.

For simplicity, any damping in the system is neglected. The masses mC , mH , and mN were determined using a scale;
for the blades, generic steel parameters are assumed. Using an experimental modal analysis, the tilting stiffness kT of the
test rig without the hub assembly was identified. Those parameters are included in table 1.
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ℓH

mN

mH

mT

(a) Sideview of test rig with parameter annotations
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T +m∗
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mC

ℓB

ℓH

(b) Geometry of minimal model with parameters

Test rig parameter Value
Height of suspension springs hspring 0.07m

Tower height (including springs) hT 1.68m

Nacelle height to center of rotation hN,CoR 0.17m

Height of wind turbine rotation axis h∗
T 1.85m

Hub length ℓH 0.16m

Blade length ℓB 1.00m

(c) Wind turbine test rig geometry parameters

Fig. 2 Illustration of test rig geometry and simplification of test rig geometry for minimal model
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Theoretical Model

To build a model of the test rig with the aforementioned effects, first, a model of an individual blade using an Euler-Bernoulli
beam is derived that considers both the centrifugal stiffening as well as the periodic stiffening and softening through
gravity, which is modeled by an additional, periodic pre-stress. Then, the tower is modeled as an inverted pendulum, to
which two of the blade models are connected using primal assembly. Lastly, the periodic rotational inertia is added. For
the model, the blade angle α and the rotational speed α̇ are considered a parameter and not a degree of freedom, i.e., all
dynamics relating to a change of α are neglected.

Blade model The derivation starts with the differential equation for an Euler-Bernoulli beam, depicted in fig. 3a, including
prestress through a normal force N , which can be found, for instance, in [5]:

ρBIB
∂2ẅB

∂x2
− ∂2

∂x2

(
EBIB

∂2wB

∂x2

)
+

∂

∂x

(
N
∂wB

∂x

)
= m̄BẅB (1)

with the beam deflection wB , density ρB , area moment of inertia IB , Young’s modulus EB and mass per unit length m̄B .
The normal force N can now be used to include centrifugal stiffening and periodic stiffening and softening through gravity.

FC

mC

ρB , AB , ℓB , EB , IB

x

z

y

rCoR ≃ ℓB

α(t)

(a) Sketch of Euler-Bernoulli beam with
additional blade end mass mC

x

z

y

dx

m̄B
rCoR

α(t)
f̄C

(b) Sketch of distributed centrifugal force f̄C acting on
infinitesimal beam mass m̄B

α(t)

xB,1
xB,2

g

NG,2

mC

m̄BNG,1

(c) Sketch of normal force
NG introduced by gravity

Fig. 3 Individual modeling steps used for the beam model representing the test rig blades

Centrifugal forces act, on the one hand, on the additional end mass mC as shown in fig. 3a, and, on the other hand, on
the distributed beam mass m̄B as shown in fig. 3b. In general, the centrifugal force is given by FC = mCrCoRα̇

2 with rCoR
being the distance to the axis of rotation and α̇ the angular velocity. For the end mass mC , assuming only small deflections
wB and substituting α̇ = 2πfα, the centrifugal force is then given by FC(fα) = 4π2ℓBmCf

2
α. For the latter, the distributed

centrifugal force f̄C per distributed mass m̄B is given as f̄C(x) = m̄Bxα̇
2, which can be integrated over x to the force

F̄C(x) =
1

2
m̄Bx

2α̇2, and with the substitution α̇ = 2πfα one finds F̄C(x) = 2π2m̄Bx
2f2α.

The other force acting on the beams is induced by gravity, see fig. 3c. Since the shear force created by gravity acts in
the transverse direction orthogonal to the beam deflection direction wB , it is neglected. Projecting the forces created by

gravity onto the beam normal forces yields NG,1,2 = ∓
(
m̄BℓBg

(
1− x

ℓB

)
+mCg

)
cosα, with different signs for the

two blades. For example, in the upward position with α = 0, the first beam is compressed by gravity, and the second beam
is elongated.

To summarize, the normal forces N1,2 applied to the beams externally is given by:

N1,2(x) = 4π2ℓBmCf
2
α︸ ︷︷ ︸

Centrifugal force due to mC

+ 2π2m̄Bx
2f2α︸ ︷︷ ︸

Centrifugal force due to m̄B

∓
(
m̄BℓBg

(
1− x

ℓB

)
+mCg

)
cosα︸ ︷︷ ︸

Influence of gravity

(2)

In order to be able to get linearized masses and stiffnesses of the beams, a Rayleigh-Ritz ansatz wB(x, t) ≃ F (x) · q(t),
with F (x) being the matrix of shape functions, is made. Using only one shape function F =

[
x2

ℓ2B

]
yields the following:

KB(α̇) = EB
bBh

3
B

3ℓ3B
+

(
16

3
π2mC +

8

5
π2ρBbBhBℓB

)
f2α ∓

(
4

3ℓB
mcg +

(
4

3ℓB
− 1

)
m̄BℓBg

)
cos(α) (3)

MB = ρBbBhB
ℓB
5

+mC (4)

with the blade thickness bB and blade height hB .
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Tower model The tower is modeled using an inverted pendulum as depicted in fig. 4a. Writing a rotational equilibrium
around the center of rotation yields the equation of motion with respect to ψ, which can be transformed into the translational
dof wT when small angles are assumed.

wT

kT
x

zy

ψ

m∗
T

h∗T

(a) Sketch of inverted pendulum model
and kinematics for projection on wT

mB

m∗
N/2

Bx

Bz
By

ξ1 = wT

wB

ξ2 = wT + wB

mC

(b) Sketch of blade model with
additional translation dof

mB

m∗
N/2

w
(1)
T

kT
x

zy

m∗
T

h∗T

Bx

Bz
By

w
(2)
T

q(2)

mC

(c) Sketch of the model kinematics for primal assembly

Fig. 4 Individual modeling steps for the tower and extended blade model as well as assembly kinematics

Assembly In order to be able to assemble the beam models to the tower model, the beam model has to be extended with a
translational dof as depicted in fig. 4b. The mass of the added dof wT of the beam model is half of the nacelle mass, which
was not considered previously. Using Lagrange’s equations, the mass matrix of this extended beam model can be derived:m

∗
N

2
+mC +mB

1

3
mB

1

3
mB MB

[
ẅT

q̈

]
+

[
0 0
0 KB(α̇)

] [
wT

q

]
= 0 (5)

where mB = ρBbBhBℓB is the blade mass. No coupling exists between the blade deformation q and the horizontal tower
displacement wT via a stiffness. This is due to the chosen shape function enforcing the boundary condition wB(x = 0) = 0,
i.e., a displacement q due to a deformation of the beam does not create a displacement of wT .

Lastly, two extended blade models are assembled to the tower model using primal assembly, see fig. 4c. For this, the
horizontal tower displacement w(1)

T has to match the blade displacement w(2)
T of the first blade, requiring w(1)

T − w
(2)
T = 0.

This condition is automatically satisfied by choosing unique global degrees of freedom, here uglobal =
[
wT q1

]T
.

Requiring the same for the second blade (not depicted) yields the assembled system matrices for the global dofs given
by uglobal =

[
wT q1 q2

]T
:

Mglobal =


m∗

T +m∗
N + 2mB + 2mC

1

3
mB

1

3
mB

1

3
mB MB 0

1

3
mB 0 MB

 Kglobal =


kT

h∗T
2 0 0

0 KB(α̇) 0
0 0 KB(α̇)

 (6)

Periodic rotational inertia The effect of the changing rotational inertia can be added by first deriving the rotational inertia
for tilting of the tower with the blades attached depending on the blade angle α. Only considering this change of inertia for
the end masses mC , the total rotational inertia is found as Jtotal(α) = (m∗

T +m∗
N )h∗T

2 + 2mC

(
ℓ2H + h∗T

2 + ℓ2B cos2(α)
)
.

Projecting this equation onto the translational dof wT (by dividing with h∗T
2) and comparing the result to the previous

diagonal entry of Mglobal shows that the mass mC is now multiplied by a changing factor, yielding a periodic contribution:

Jperiodic(α) = 2mC

(
ℓ2H + h∗T

2 + ℓ2B cos2(α)
)

↔ mC(α) = mC ·
(
ℓ2H + h∗T

2 + ℓ2B cos2(α)
)

h∗T
2 (7)
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Final model Substituting this in the previously found global mass and stiffness matrix yields the final system matrices:

Mglobal =


m∗

T +m∗
N + 2mB + 2mC ·

(
ℓ2H + h∗T

2 + ℓ2B cos2(α)
)

h∗T
2

1

3
mB

1

3
mB

1

3
mB MB 0

1

3
mB 0 MB

 Kglobal =


kT

h∗T
2 0 0

0 KB(α̇) 0
0 0 KB(α̇)



with KB(α̇) = EB
bBh

3
B

3ℓ3B
+

(
16

3
π2mC +

8

5
π2mB

)
f2α ∓

(
4

3ℓB
mcg +

(
4

3ℓB
− 1

)
m̄BℓBg

)
cos(α)

MB =
1

5
mB +mC

(8)
All parameters of this model are summarized in table 1. A sketch of the model described by eq. (8) is depicted in fig. 5.
Note that this is not a quantitative model, i.e., highly accurate, but only a qualitative model that is supposed to show the
dominating mechanical effects of the test rig while also giving insight as to what parameter influences which effect.

Model parameter Value
Model tower height h∗T 1.85m

Hub length ℓH 0.16m

Blade length ℓB 1.00m

Blade Young’s modulus EB 210× 109 N
m2

Blade density ρB 7850 kg
m3

Blade height hB 3× 10−3 m

Blade thickness bB 40× 10−3 m

Blade area moment of inertia IB 9× 10−11 m4

Model tower weight m∗
T 1.77 kg

Model nacelle weight m∗
N 8.15 kg

Blade mass per unit length m̄B 0.942 kg
m

Blade mass mB 0.942 kg

Additional blade end mass mC 1 kg

Torsional stiffness kT 8.4 kNm
rad

Table 1 Summary of the minimal model parameters

kTx

zy ℓH

ℓB

α(t)

m∗
T +m∗

N

mC

q2

q1

g wT

h∗T

Fig. 5 Coupled, periodic wind turbine minimal model with
three degrees of freedom, uglobal =

[
wT q1 q2

]T

Theoretical Results

To analyze the system behavior, the eigenfrequencies and eigenvectors of the system are calculated using SciPy, and the mode
shapes are visualized using Manim (Mathematical Animation Engine) [6]. The blade angle α and the rotational frequency
fα are substituted by a constant parameter for this. The eigenfrequencies and eigenvectors are then calculated for different
values.

Starting with the stationary case, i.e., α̇ = 0, the eigenfrequencies and the components of each eigenvector depending on
the blade angle α are plotted in fig. 6. In the leftmost plot, the eigenfrequencies are depicted, where the first two eigenfre-
quencies between 1 and 1.5Hz belong to the blades, and the third one is mainly a tilting of the tower. As can be seen, all three
eigenfrequencies change with the blade angle. For the blades, this change is caused by gravity that compresses or stretches
the blades depending on the angle as was derived using fig. 3c. For the tower, the change of eigenfrequency is caused by the
change of rotational inertia. Note that this change is proportional to cos2 α, while for the blades, it is proportional to cosα.

One interesting phenomenon is observable with the blade eigenfrequencies: While one would expect the eigenfrequencies
to change continuously and proportional to cosα, there appears to be a kink at α = 90◦. The first eigenfrequency f1 is
defined as the one with the lowest frequency, but this does not mean that it is the same physical eigenfrequency, i.e., that the
corresponding mode shape is the same. This can be seen in the eigenvector components in fig. 6.
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Figure 6: Evolution of the individual, normalized eigenvectors component over the blade angle α

At α = 90◦, where both blade eigenfrequencies are identical, it can be seen that the eigenvectors change, i.e., while eigenvector
one is dominated by the q1 component for α < 90◦, it is dominated by the q2 component for α > 90◦. The same can be seen
for eigenvector 2, where it changes from q2 to q1. This effect is known as mode veering and can generally be observed with
systems that have a varying parameter, here the beam stiffness KB(α̇), and are coupled by arbitrarily small amount [7], here
through the mass matrix. The rapid change of the eigenvectors in the area where the uncoupled eigenfrequencies cross, as seen
here, is typical for mode veering [7].

Visualizing the mode shapes can also provide a physical interpretation of the system behavior. Figure 7 shows the first mode
shape for different blade angles, fig. 8 the second mode shape. All mode shape visualizations are created by multiplying the
respective normalized eigenvector with cos(2πt) for t ∈ [0,1s], scaling the amplitudes by a common factor and applying these
values as displacements to the model geometry that is represented to scale. Every figure visualizing mode shapes contains two
snapshots of the continuous animation, one with blue and one with orange dots that have a phase of 180◦.

Figure 7: Mode shape 1 of the minimal model for varying blade angle α = {0◦,45◦,90◦,135◦,180◦} and α̇ = 0

Figure 8: Mode shape 2 of the minimal model for varying blade angle α = {0◦,45◦,90◦,135◦,180◦} and α̇ = 0

Fig. 6 Evolution of the individual, normalized eigenvectors component over the blade angle α

At α = 90◦, where both blade eigenfrequencies are identical, it can be seen that the eigenvectors change, i.e., while
eigenvector one is dominated by the q1 component for α < 90◦, it is dominated by the q2 component for α > 90◦. The
same can be seen for eigenvector 2, where it changes from q2 to q1. This effect is known as mode veering and can generally
be observed with systems that have a varying parameter, here the beam stiffness KB(α̇), and are coupled by arbitrarily
small amount [7], here through the mass matrix. The rapid change of the eigenvectors in the area where the uncoupled
eigenfrequencies cross, as seen here, is typical for mode veering [7].

Visualizing the mode shapes can also provide a physical interpretation of the system behavior. Figure 7 shows the
first mode shape for different blade angles, fig. 8 the second mode shape. All mode shape visualizations are created by
multiplying the respective normalized eigenvector with cos(2πt) for t ∈ [0, 1 s], scaling the amplitudes by a common factor
and applying these values as displacements to the model geometry that is represented to scale. Every figure visualizing mode
shapes contains two snapshots of the continuous animation, one with blue and one with orange dots that have a phase of
180◦.

Fig. 7 Mode shape 1 of the minimal model for varying blade angle α = {0◦, 45◦, 90◦, 135◦, 180◦} and α̇ = 0

Fig. 8 Mode shape 2 of the minimal model for varying blade angle α = {0◦, 45◦, 90◦, 135◦, 180◦} and α̇ = 0
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The first mode shape, which has the lowest eigenfrequency of the system, always represents the deflection of the upper
blade. Since both beams are identical, there is no physical distinction between them. This means that the first mode describes
the vibration of beam one for −90◦ < α < 90◦ and for 90◦ < α < 270◦ it describes the vibration of beam two. Both beams
vibrate in phase for α = 90◦. For the second mode shape, the second beam is vibrating for −90◦ < α < 90◦ since it
has the higher eigenfrequency. At α = 90◦, both blades deflect in anti-phase, because the eigenvectors have to be linearly
independent.

The third mode shape, see fig. 9, describes the tilting of the wind turbine tower coupled with the blade deformation in
anti-phase. Because of the periodic stiffening and softening through gravity, the eigenfrequency of the lower beam is always
higher, resulting in a higher amplitude in this mode shape since the corresponding eigenfrequency is closer to the third
eigenfrequency.

Fig. 9 Mode shape 3 of the minimal model for varying blade angle α = {0◦, 45◦, 90◦, 135◦, 180◦} and α̇ = 0

Lastly, the system’s eigenfrequencies are calculated for different angular velocities α̇. The way the minimal model is set
up allows to set the blade velocity α̇ independently from the blade angle α. An intensity plot is used to show the continuous
change of the eigenfrequencies, similar to the phosphor display of analog oscilloscopes. For this, the values of the eigen-
frequencies for a large number of angles within one full rotation are plotted over each other with partially transparent lines.
This means the more saturated the color is at a specific point, the more often an eigenfrequency is located there, see fig. 10.

α = 0◦ α = 90◦

Fig. 10 Intensity plot of the fully assembled model’s eigenfrequencies within one full rotation of the blades, for varying
rotational blade frequency fα; the color saturation denotes the rate of the eigenfrequency appearing at the respective point

Also here, mode veering can be observed at the point where the tower eigenfrequency crosses the blade eigenfrequencies.
The centrifugal stiffening can also be observed, where the centrifugal forces tension the blades, increasing the stiffness for
the transverse vibrations. This leads to an increase of the blade eigenfrequencies when the rotational frequency fα increases,
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as can be seen in fig. 10. While this gives an idea of where the linear resonances of the system might be, this does not fully
capture the nature of the periodic system that is modeled here. This would require proper modeling as an LTP system [2].

Testrig Instrumentation

Figure 11 shows the wind turbine test rig, including all used instrumentation. Different colors are used for system excitation,
sensors, and data acquisition. Dashed lines show the signal flow from sensors to data acquisition. In the following the used
components are described in detail. The raw measurement data can also be downloaded from [8].

Excitation The test rig is excited using a shaker attached to the tower with a stinger. Using a waveform generator, random
noise with an amplitude of 12V peak-to-peak and 30MHz bandwidth is created. This signal is fed into a band-pass filter
that removes the DC part and most of the higher frequencies using a cut-off frequency of 30Hz. A gain of 40 dB is also
applied to regain some signal level. This excitation signal is gradually turned on after the measurement begins by controlling
the power amplifier’s gain, kept at a constant level for approximately 200 s, and then gradually turned off.

The rotational speed of the test rig can be controlled using the DC-motor power supply. There is no control for the actual
rotation speed, only a constant voltage can be set. Due to the relatively high rotational inertia, the rotational speed is fairly
constant after some settling time.

Sensors Four uniaxial acceleration sensors are glued to the blades, symmetrically to the rotation axis of the wind turbine,
such that the distance between the outer sensor and the sensor in the middle of the blade is identical to the distance between
the latter and the rotation axis. For α = 0◦ the test rig is in the configuration as shown in fig. 11, defined by the acquisition
system OASIS One being oriented with the BNC connectors pointing downwards. The highest sensor in this orientation is
denoted as blade 1 tip, followed by blade 1 middle and blade 2 middle, the lowest sensor is denoted blade 2 tip.

An impedance sensor between the shaker stinger and the tower measures the force applied by the shaker. A little bit higher
up, a triaxial accelerometer measures the acceleration of the tower in the excitation direction. Additionally, the acceleration
lateral to the excitation is measured but not further used.

Lastly, the blades’ rotation speed, receptively the blades’ passing frequency, is sensed using a light barrier. Its circuitry
is adapted to be used with a single BNC connection. The supply voltage is provided by the IEPE power supply of the OASIS
board. When a blade passes, the LED within the light barrier illuminates, drawing more current than allowed by the limiting
circuit (adjusted to 2mA from the regular 5mA). This results in the supply voltage dropping in order to not exceed the
set current limit. While the acquisition system can not measure the constant voltage due to the high-pass filter, the change
of voltage can be measured. This manifests in voltage spikes with an amplitude of roughly 3V that decay moderately fast.
These spikes are negative as the blade enters the sensor area and positive as it leaves. Due to the system configuration there
are two impulses (four spikes) per complete revolution. A counter, denoted as the blade passing counter, is used to evaluate
the rotational frequency during the measurements.

Data acquisition The sensor and excitation signals are digitized using OASIS; specifically, two boards are used. OASIS
One is attached to the wind turbine hub using a 3D-printed adapter and rotates with the hub. The second system, OASIS Two,
is stationary. Measurements on this partly rotating system are possible due to the self-contained, Wireless Sample Synchro-
nization (WSS) feature of OASIS, details can be found in [1]. In short, one board, the WSS source, sends a synchronization
pulse when the measurement is started. All other boards configured as a WSS sink will start sampling when they receive
this pulse. As was shown in [1], the delay between the source and sink measurements is well below 100 µs. The samples are
transferred to a computer during the measurement using WiFi and UDP, processed, and then saved as .mat files.

For all measurements a sample rate of 10 kHz and a measurement duration of 250 s was used. In each test rig configura-
tion, five measurements were taken. The channel assignment is summarized in table 2.

Table 2 Summary of channel assignment for the two utilized boards, OASIS One and OASIS Two

OASIS One OASIS Two
Channel 1 Acceleration sensor blade 1 tip Impedance sensor (force)
Channel 2 Acceleration sensor blade 1 middle Light barrier signal
Channel 3 Acceleration sensor blade 2 middle Acceleration sensor in excitation direction
Channel 4 Acceleration sensor blade 2 tip Acceleration sensor in direction lateral to excitation
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Fig. 11 Illustration of the used test rig instrumentation and signal flow from sensors to acquisition systems



Exploring the Capabilities of Open-Source Hard- and Software for Experimental Dynamics in Rotating Systems 33

Experimental Modal Analysis

For the stationary measurements used here, the blade angle α was varied between 0 and 180◦ with 30◦ increments. From the
raw time signals, available at [8], the frequency response functions (FRF) from the shaker excitation to the tower degree of
freedom as well as the four blade dofs were calculated with pyFRF [9] using five averages and the H1 estimator. The FRFs
of the tower dof for various blade angles α are shown in fig. 12.

EXPERIMENTAL MODAL ANALYSIS
For the stationary measurements used here, the blade angle α was varied between 0 and 180◦ with 30◦ increments. From the
raw time signals, available at [8], the frequency response functions (FRF) from the shaker excitation to the tower degree of
freedom as well as the four blade dofs were calculated with pyFRF [9] using five averages and the H1 estimator. The FRFs of
the tower dof for various blade angles α are shown in fig. 12.
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Figure 12: Plot of the FRF corresponding to the tower degree of freedom for different blade angles α

The greatest variation with the blade angle α can be seen for the two eigenfrequencies around 1 Hz, which belong to the two
blades. Slight changes can be seen as well with the two eigenfrequencies around 2 Hz and the eigenfrequency around 5.7 Hz.

For further analysis, the eigenfrequencies fi, damping ratios ϑi and mode shapes are identified using the pyFBS [10] imple-
mentation of the least-squares complex frequency-domain estimator [11]. Table 3 summarizes the estimated parameters for the
different blade angles. To visualize the change of eigenfrequencies and damping rations, the cells in table 3 are colored green
if the parameter increased compared to the measurement at α = 0 and are colored red for decreasing values.

The most apparent change of eigenfrequency can be seen for modes one and two that behave as predicted by the minimal model,
i.e., f1 increasing as the compression of blade 1 due to gravity is reduced and f2 decreasing. For the tilting tower mode shape,
presumably mode 3 or 4, no significant trend is visible. The higher frequencies are not covered by the minimal model. Mode 5
and 6 appear to be invariant with respect to α , while mode 7 shows slight variations with the blade angle α .

Mode α = 0◦ α = 30◦ α = 60◦ α = 90◦ α = 120◦ α = 150◦ α = 180◦

Mode 1
f1 1.049 Hz 1.070 Hz 1.112 Hz 1.165 Hz 1.139 Hz 1.092 Hz 1.059 Hz

ϑ1 0.51 % 0.37 % 0.34 % 0.25 % 0.27 % 0.26 % 0.43 %

Mode 2
f2 1.402 Hz 1.371 Hz 1.321 Hz 1.259 Hz 1.290 Hz 1.339 Hz 1.390 Hz

ϑ2 0.23 % 0.22 % 0.25 % 0.24 % 0.29 % 0.31 % 0.27 %

Mode 3
f3 1.904 Hz 1.902 Hz 1.904 Hz 1.891 Hz 1.894 Hz 1.888 Hz 1.895 Hz

ϑ3 0.75 % 0.65 % 0.56 % 0.59 % 0.52 % 0.75 % 0.71 %

Mode 4
f4 2.108 Hz 2.111 Hz 2.112 Hz 2.112 Hz 2.112 Hz 2.105 Hz 2.106 Hz

ϑ4 0.40 % 0.49 % 0.45 % 0.77 % 0.41 % 0.33 % 0.44 %

Mode 5
f5 4.544 Hz 4.543 Hz 4.541 Hz 4.543 Hz 4.543 Hz 4.544 Hz 4.542 Hz

ϑ5 0.11 % 0.10 % 0.11 % 0.12 % 0.11 % 0.11 % 0.12 %

Mode 6
f6 4.941 Hz 4.940 Hz 4.940 Hz 4.939 Hz 4.940 Hz 4.941 Hz 4.941 Hz

ϑ6 0.06 % 0.06 % 0.06 % 0.07 % 0.05 % 0.06 % 0.06 %

Mode 7
f7 5.712 Hz 5.720 Hz 5.729 Hz 5.734 Hz 5.731 Hz 5.721 Hz 5.712 Hz

ϑ7 0.06 % 0.07 % 0.08 % 0.08 % 0.08 % 0.09 % 0.10 %

Table 3: Summary of identified eigenfrequencies fi and damping ratios ϑi for the wind turbine test rig at standstill; coloring
shows trend of parameters compared to measurement at α = 0◦ (green = increasing, red = decreasing)

Fig. 12 Plot of the FRF corresponding to the tower degree of freedom for different blade angles α

The greatest variation with the blade angle α can be seen for the two eigenfrequencies around 1Hz, which belong to the
two blades. Slight changes can be seen as well with the two eigenfrequencies around 2Hz and the eigenfrequency around
5.7Hz.

For further analysis, the eigenfrequencies fi, damping ratios ϑi and mode shapes are identified using the pyFBS [10]
implementation of the least-squares complex frequency-domain estimator [11]. Table 3 summarizes the estimated parameters
for the different blade angles. To visualize the change of eigenfrequencies and damping rations, the cells in table 3 are colored
green if the parameter increased compared to the measurement at α = 0 and are colored red for decreasing values.

The most apparent change of eigenfrequency can be seen for modes one and two that behave as predicted by the minimal
model, i.e., f1 increasing as the compression of blade 1 due to gravity is reduced and f2 decreasing. For the tilting tower
mode shape, presumably mode 3 or 4, no significant trend is visible. The higher frequencies are not covered by the minimal
model. Mode 5 and 6 appear to be invariant with respect to α, while mode 7 shows slight variations with the blade angle α.

Mode α = 0◦ α = 30◦ α = 60◦ α = 90◦ α = 120◦ α = 150◦ α = 180◦

Mode 1
f1 1.049Hz 1.070Hz 1.112Hz 1.165Hz 1.139Hz 1.092Hz 1.059Hz

ϑ1 0.51% 0.37% 0.34% 0.25% 0.27% 0.26% 0.43%

Mode 2
f2 1.402Hz 1.371Hz 1.321Hz 1.259Hz 1.290Hz 1.339Hz 1.390Hz

ϑ2 0.23% 0.22% 0.25% 0.24% 0.29% 0.31% 0.27%

Mode 3
f3 1.904Hz 1.902Hz 1.904Hz 1.891Hz 1.894Hz 1.888Hz 1.895Hz

ϑ3 0.75% 0.65% 0.56% 0.59% 0.52% 0.75% 0.71%

Mode 4
f4 2.108Hz 2.111Hz 2.112Hz 2.112Hz 2.112Hz 2.105Hz 2.106Hz

ϑ4 0.40% 0.49% 0.45% 0.77% 0.41% 0.33% 0.44%

Mode 5
f5 4.544Hz 4.543Hz 4.541Hz 4.543Hz 4.543Hz 4.544Hz 4.542Hz

ϑ5 0.11% 0.10% 0.11% 0.12% 0.11% 0.11% 0.12%

Mode 6
f6 4.941Hz 4.940Hz 4.940Hz 4.939Hz 4.940Hz 4.941Hz 4.941Hz

ϑ6 0.06% 0.06% 0.06% 0.07% 0.05% 0.06% 0.06%

Mode 7
f7 5.712Hz 5.720Hz 5.729Hz 5.734Hz 5.731Hz 5.721Hz 5.712Hz

ϑ7 0.06% 0.07% 0.08% 0.08% 0.08% 0.09% 0.10%

Table 3 Summary of identified eigenfrequencies fi and damping ratios ϑi for the wind turbine test rig at standstill; coloring
shows trend of parameters compared to measurement at α = 0◦ (green = increasing, red = decreasing)
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For the experimentally identified mode shapes, Manim [6] was also used to create visualizations. The first two mode
shapes are displayed in fig. 13 and fig. 14. As with the minimal model, mode shape 1 describes the deflection of the upper
blade, and mode shape 2 the deflection of the lower blade. At α = 90◦, both blades vibrate in phase for mode 1 and in
anti-phase for mode 2. Except for some slight deflections of the opposing blade, the experimental mode shapes match the
model.

Fig. 13 Test rig mode shape 1 - Upper blade deformation - for α = {0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦}

Fig. 14 Test rig mode shape 2 - Lower blade deformation - for α = {0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦}

For the third mode shape of the model, the tilting of the tower, there exist two candidates from the experiments, mode
shape 3 (fig. 15) and mode shape 4 (fig. 16). With the utilized dofs, there is no distinction possible. Calculating the values
of the Auto Modal Assurance Criterion (Auto-MAC) also reveals a very high dependence (≈ 96%) of the modes 3 and 4.
Besides that, both mode shapes also show the same vibration behavior as the third mode shape of the model, i.e., the tower
dof exhibits displacements in one direction, while all blade dofs move in the opposite direction.

Fig. 15 Test rig mode shape 3 - Tilting tower multiplicity 1 - for α = {0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦}
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Fig. 16 Test rig mode shape 4 - Tilting tower multiplicity 2 - for α = {0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦}

The fifth and sixth experimental mode shapes behave very similar to the previously described ones and also show a
moderately high Auto-MAC value (≈ 55%) and are therefore not shown here. Lastly, the seventh mode shows a second-
order bending mode of the blades, see fig. 17. Since this mode shape is focused on the blades, the frequency dependence can
probably also be explained by the stiffening/softening effect due to gravity.

Fig. 17 Test rig mode shape 7 - Higher Order Blade Deformation - for α = {0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦}

Finally, the values of the modeled and experimentally identified eigenfrequencies are compared using fig. 18. The eigen-
frequencies of the blades (blue and orange) correspond pretty well and show the same qualitative change with the blade
angle α. At the point with α = 90◦, where the eigenfrequencies should be identical, there is a difference of about 0.1Hz.
Since mode veering occurs in a region around the critical points, that is in the order of the off-diagonal terms that couple
the individual degrees of freedom [7], this implies that the model might be missing some coupling terms. Also, neither of
the two experimentally identified tower tilting eigenfrequencies show a dependence on the blade angle α as suggested by
the theoretical model. The second identified tower tilting eigenfrequency is most likely a sideways motion of the tower, not
covered by the model.

Figure 16: Test rig mode shape 4 - Tilting tower multiplicity 2 - for α = {0◦,30◦,60◦,90◦,120◦,150◦,180◦}

The fifth and sixth experimental mode shapes behave very similar to the previously described ones and also show a moderately
high Auto-MAC value (≈ 55%) and are therefore not shown here. Lastly, the seventh mode shows a second-order bending
mode of the blades, see fig. 17. Since this mode shape is focused on the blades, the frequency dependence can probably also be
explained by the stiffening/softening effect due to gravity.

Figure 17: Test rig mode shape 7 - Higher Order Blade Deformation - for α = {0◦,30◦,60◦,90◦,120◦,150◦,180◦}

Finally, the values of the modeled and experimentally identified eigenfrequencies are compared using fig. 18. The eigenfre-
quencies of the blades (blue and orange) correspond pretty well and show the same qualitative change with the blade angle α .
At the point with α = 90◦, where the eigenfrequencies should be identical, there is a difference of about 0.1 Hz. Since mode
veering occurs in a region around the critical points, that is in the order of the off-diagonal terms that couple the individual
degrees of freedom [7], this implies that the model might be missing some coupling terms. Also, neither of the two experimen-
tally identified tower tilting eigenfrequencies show a dependence on the blade angle α as suggested by the theoretical model.
The second identified tower tilting eigenfrequency is most likely a sideways motion of the tower, not covered by the model.
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Operational Measurements

Next, the dynamic measurements with α̇ ̸= 0 shall be analyzed. Measurements were taken for rotational frequencies fα in
0.1Hz steps, from 0.1Hz to 1.2Hz, whereby no measurements were taken for 1.0Hz since the test rig exhibited a resonance
at this rotational frequency. During the dynamic measurements the system was also excited by the shaker with burst random.
For the evaluation, FRFs are calculated using pyFRF [9]. However, no modal parameters are extracted due to the high
amount of noise and because the system can not be considered time-invariant. The rotational frequency fα was set during
the measurements using the DC-motor power supply and checked using the blade passing counter as depicted in fig. 11.
Using peak detection on the light barrier signal, the average rotational frequency can be calculated.

For the plots of the dynamic results, the desired frequency fα is used. However, note that due to some deviations of
the average frequencies, especially for 0.3 and 0.4Hz, there might be some distortion. The spectrograms are created using
Matplotlib’s imshow command, which interpolates the plots. This can especially be noticed around fα = 1Hz, where no
measurement data exists. To start the analysis of the system’s behavior, the FRF trace, i.e., the sum of all diagonal entries
of the FRF matrix, for each measured rotational frequency is plotted in fig. 19. The x-axis represents the frequency axis of
the FRFs for each rotational frequency fα, starting with the FRF for fα = 0.1Hz at the bottom to the one on the top for
fα = 1.2Hz.
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Fig. 19 Spectrogram showing the FRF Traces for different rotational frequencies fα with eigenfrequencies fi annotated

Visible most clearly are the eigenfrequencies of the two blades f1,2 that merged to one line and one of the eigenfrequen-
cies belonging to the tower, namely f4, while f3 is only faintly visible. All three of those eigenfrequencies, not including f3,
show a clear dependence on the rotational frequency and increase with fα. Also clearly visible is the first excitation order,
marked as 1X, due to some unbalance. The higher eigenfrequencies are less pronounced and are constant. One interesting
effect can be seen for f7, the second-order beam deformation, which is only visible in the FRFs corresponding to the blade

fαfα

f7 + fα

f7 − fα

f5

f6

f7

Fig. 20 Magnified spectrogram showing the FRF Traces for different fα within 4.5-7Hz
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acceleration sensors. While the eigenfrequency is constant, there are sidebands that have an increasing distance to f7 for
higher rotational frequencies. This part of the plot is enlarged in fig. 20 and analyzed in more detail.

In fig. 20, there are two lines denoting the frequencies f7 − fα and f7 + fα as well as vertical lines marking the
aforementioned quantities for the actual rotational frequency fα during the measurements. As can be seen, the sidebands are
exactly spaced by fα from the eigenfrequency f7. The presence of these sidebands at a distance equal to an integer multiple
of the fundamental frequency, here the rotational frequency fα, is a consequence of the periodic system behavior and typical
for LTP-systems [12]. Here, the periodically changing parameter is most likely the stiffness of the blades due to gravity.

A closer look shall also be taken at the lower eigenfrequencies the minimal model covers. The appropriate segment from
1 to 3Hz is shown in fig. 21. Similar sidebands can also be found for the blade mode shapes f1,2, although the distance from
the dominant peak does not equate to an integer multiple of fα. Tracing the respective average rotational speed from the
visible sideband peaks toward the location of the beam eigenfrequencies f1,2 leads to what is shown in fig. 21.

1X

fα

f3

f1,2
f4

Fig. 21 Magnified spectrogram showing the FRF Traces for different fα within 1-3Hz

The sidebands have a distance equal to an integer multiple of the average rotational frequency fα, but not to the visible
blade eigenfrequencies f1,2 and instead to other sporadic peaks, traced with a bent line. This line also corresponds to an
antiresonance visible in the FRFs of the tower, see fig. 22. Since the system is excited at the tower, fig. 22 shows a driving
point FRF. At the antiresonance frequency, by definition, the tower does not exhibit any movement and only the attached
system, the blade assembly, vibrates at its eigenfrequency. The sidebands are visible at a distance equal to an integer multiple
of the average rotational frequency when measured from the uncoupled eigenfrequencies of the periodically varying system.
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Fig. 22 Spectrogram showing the FRFs of the Tower for different fα within 1-3Hz

Lastly, the agreement of the minimal model and the experimental results shall be assessed. Since the minimal model’s
behavior with varying rotational frequency fα was determined by calculating eigenfrequencies at fixed values for the blade
angle α and rotational speed α̇, essentially linearizing the system around this configuration, no behavior typical for LTP-
systems can be analyzed with the model. Therefore, the only possible comparison is between the values of the modeled
eigenfrequencies for all angles α and the basically averaged eigenfrequencies observed experimentally and how they develop
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with the rotational frequency fα. For this, the intensity plot of the minimal model is plotted over the spectrogram of the FRF
traces, see fig. 23.

Fig. 23 Magnified spectrogram showing the FRF Traces and model intensity plot for different fα

The agreement with the minimal model is not very good for higher rotational frequencies fα. Since the blade assembly
has an angular momentum for rotational speeds α̇ ̸= 0, a displacement of the tower requires a tilting of the rotation axis.
Due to gyroscopic effects, with an increase of the rotational frequency fα, there is an increasing resistance against the tower
tilting that increases the eigenfrequency. This was not considered in the minimal model. Also, the eigenfrequencies of the
blades are off and become too stiff for higher rotational frequencies fα. Looking at the tower FRFs in fig. 24, the agreement
of the model’s blade eigenfrequencies with the antiresonance frequency/frequencies, i.e., when the tower is fixed, is pretty
good, implying that the coupling between the blades and the tower is not modeled precisely enough.

Fig. 24 Magnified spectrogram showing the FRFs of the Tower and model intensity plot for different fα

Conclusion and Outlook

While the utilized minimal model could not fully capture the dynamics observed for the test rig, mainly because some effects
were missed in the modeling processes, it was still able to predict most of the quantitative behavior. If the minimal model
were to be updated, a sideway degree of freedom should be added to the tower to allow representing gyroscopic effects on
the global system dynamics. The true experimental dynamics could be analyzed here using the measured vibrations on both
the tower and the blades during rotation. While no LTP-theory was applied here, an evaluation of the existing data [8] might
be interesting.

Building on preexisting open-source tools enabled the analysis of this academic test rig, both quickly and cost-effectively.
While open-source tools cannot replace commercially available tools in all circumstances, here, no noticeable limitations
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were found. Another big advantage is the openness and adaptability, which are vital for enabling the quick development of
new measurement procedures or evaluation techniques within academia. For this reason, the further development of available
open-source tools, as well as the development of new ones, is desirable. Therefore, the authors decided to further develop the
Open Acquisition System for IEPE Sensors and build an improved version, called OASIS-UROS: Open Acquisition System
for IEPE Sensors - Upgraded, Refined, and Overhauled Software, which is further detailed in [13].
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Chapter 3Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 

G. Tsialiamanis (�) 
Dynamics Research Group, Department of Mechanical Engineering, University of Sheffield, Sheffield, UK 
e-mail: g.tsialiamanis@sheffield.ac.uk 

C. R. Farrar 
Engineering Institute, MS T-001, Los Alamos National Laboratory, Los Alamos, NM, USA 
e-mail: farrar@lanl.gov 

© The Society for Experimental Mechanics, Inc. 2024 
M. R. W. Brake et al. (eds.), Nonlinear Structures & Systems, Volume 1, Conference Proceedings 
of the Society for Experimental Mechanics Series, https://doi.org/10.1007/978-3-031-36999-5_1

1

Investigation of Output Metrics for Dynamic Topology
Optimization of PCB Reinforcement

Ryan Semler, John Bell, and Laura Redmond

Abstract Rigid-flex Printed Circuit Board (PCB) robotics have been considered as a future architecture for the exploration
of high-risk extraterrestrial environments such as the moon. One major challenge with this architecture is the lack of mod-
eling methodologies and design strategies for the use of PCB as the primary structure of the system. Previous research has
established the need for external reinforcement on PCB panels to survive the expected dynamic loading for an extraterrestrial
mission. Because the primary advantages of the system are low mass and cost-effectiveness, topology optimization is a prime
candidate for the design of lightweight exoskeletons to reinforce the PCB structure. This paper begins to formulate a code to
interact with the commercial software Abaqus to formulate custom Equivalent Static Loads (ESLs) and output metrics that
control the optimization of a reinforcing exoskeleton for a PCB panel subjected to dynamic loads. First, the paper outlines
several methods for selection of ESLs in the literature. Second, common failure mechanisms of PCB are presented to inform
the parameters that are investigated in the study. Third, the algorithm for generating the ESL and to pass customized param-
eters to the Abaqus TOSCA solver is presented. Fourth, preliminary results are presented to demonstrate the optimization
routine when optimizing for the output metric of strain energy. The paper concludes with future various output metrics to be
used to inform the optimization, and the presentation will include recommendations for the dynamic topology optimization
of PCB structures based on the findings in this case study.

Keywords topology optimization · dynamic analysis · PCB

Introduction

NASA JPL’s rigid-flex PCB Pop-Up Folding-Flat Explorer Robot (PUFFER) was originally designed to be a lightweight,
cost-efficient explorer robot for Mars, which included Nomex fabric joints to improve the fatigue resistance of the rover
[1]. Clemson University has collaborated with NASA JPL to develop modeling methodologies for rigid-flex PCB robotics
validated with dynamic testing to be used for investigations of potential loading scenarios to PUFFER if it were used for
a Lunar scouting mission. This research determined that the current PUFFER structure is inadequate for an 80-meter drop
into a lunar pit [2–5] and that external reinforcing would be needed to preserve large panel sizes. Research has also been
conducted to optimize a reinforcing skeleton on a single-degree of freedom (SDOF) model of a PCB panel with a frequency-
based approach [6]. The frequency-based optimization prioritized minimizing displacement while constraining the mass to
be less than or equal to 100% and utilized a looping process to conduct the optimization multiple times as the system’s
natural frequency shifted during optimization.

This work furthers the research on the structural reinforcement by leveraging commercial software to conduct the opti-
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Fig. 1 Rigid-flex NASA JPL rover, PUFFER [1]

mization process with various output metrics on a multi-degree of freedom (MDOF) system utilizing the Equivalent Static
Load (ESL) approach to determine loads at each iteration of the optimization. This preliminary case study presents the first
step in this investigation with a baseline sizing optimization of the reinforcement after applying a random base excitation to
the system. The overall goals of this paper are to 1) present the ESL method and integration with Abaqus TOSCA to conduct
the optimization process, 2) present the various parameters to be considered for the objective function in PCB exoskeleton
design and possible formulations of the ESL, and 3) show preliminary results of the optimization routine for a baseline set
of optimization parameters.

ESL Generation in Literature

There exist several methods of creating static-equivalent loads (ESLs) from dynamic loading. The most common method is
a time-domain approach in which the static-equivalent loads are calculated using the stiffness matrix and dynamic displace-
ments at a specific time point. Choi & Park examine an analytical method that utilizes this approach with a transient analysis
for displacements and generates ESLs at all locations within a model [7]. Park then applies this approach to a structural
optimization problem by generating ESLs from a displacement field at each time step of the dynamic analysis [8]. In later
years, Jang et al. have used this approach for dynamic response topology optimization in the time domain [9, 10].

Preliminary research shows that a frequency-based approach can be utilized with commercial software to derive approxi-
mate static-equivalent loads for dynamic topology optimization of a single-degree of freedom system subjected to sinusoidal
loads [6]. The approach generates static-equivalent loads as a load which generates mode 1 deformations modified by a
dynamic response amplification factor, Rd. This factor is calculated from the applied excitation frequency and the natural
frequency of the system. The approach was verified at each intermediate step of the optimization by comparing the results
from the ESL(s) to the maximum steady-state response of the model run in time domain with the sinusoidal base excitation.
For the single degree-of-freedom system approach, a mode participation of 80-90% is sufficient for determining the dynamic
response of the structure [11]. However, this approach is limited to sinusoidal loading.

Static-equivalent loads are typically approximated for optimization problems with displacement or stress. Displacement-
based approximations use inequalities to calculate ESLs that are then optimized to find the smallest load at a critical time
[7]. Stress-based approximations utilize stress as a constraint condition when calculating ESLs. This is because displacement
and stress are not proportional when a rigid body is dominant in the displacement component due to the internal strains of
the body being negligibly small [7].

A time step for equivalent static loads is selected based on the type and objective of the analysis or optimization problem.
For a minimization problem, the time step is usually chosen at the point at which the objective function, usually displacement
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or stress, is at its maximum. ESLs are calculated from the dynamic displacement field at this specific time step [7]. This
method of time step selection prioritizes a single time point for a single area of a model. In this work, the analytical method
for obtaining the ESL will be utilized, and we will later investigate whether selecting the time point based on localized
maxima around critical mounted components or selecting it based on global maxima results in a more robust design for the
PCB exoskeleton.

PCB Failure Mechanisms

A plethora of research studies have been conducted to identify, investigate, and mitigate several failure mechanisms present
in PCB panels. Such failure mechanisms include Conductive Anodic Filament (CAF), cracking, and solder joint failure. CAF
is an iterative failure induced by PCB depenalization, primarily due to moisture exposure caused by small cracks and the
formation of dendrite, which leads to burn-out of the panel [12]. Cracking is a corrosion-induced failure due to the presence
of dendrite growth [13]. Dendritic growth is an electrochemical phenomenon resulting in conductive metal filaments forming
along the PCB panel; it is most notably caused by high relative humidity and contamination [14]. In a dynamic environment,
PCB panels can fail when the yield stress of a ply is exceeded from board deformation. These deformations can be caused by
shock waves or stress distributions generated from impact, vibration, or panel bending. Differential flexing and elongation
of the board may damage sensitive interconnections [15–17].

Solder joint failure itself has several potential causes. They are critical components of PCB panels as they anchor physical
components to the panel and can provide essential electrical connection to the PCB itself. Manufacturing errors and unsatis-
factory environmental conditions can result in failure. However, the most prominent cause of solder joint failure is cracking
due to dynamic flexing as the stress in the solder joint exceeds the joint strength. Drop impacts, for example, may produce
panel differential bending and/or large inertial forces from the heavier mounted components that induce severe stresses in
the solder joints [18]. As such, the use of stress and curvature as objective functions within the optimization routine will be
examined.

Summary of Optimization Parameters to be Investigated

The optimization parameters investigated are outlined in Table 1. ESL time point selections for global (full model) and
local (partial model) areas will be examined for maximum principal stress (abs.), maximum curvature, and both stress and
curvature simultaneously. The preliminary case study examines a global determination of the ESL time point for maximum
strain energy as a whole model quantity for the initial baseline analysis to demonstrate the optimization routine.

Table 1 Matrix of output metrics
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Table 1  Matrix of output metrics 

 ESL time point selection method 
 Single time point, single area Multiple time points and areas 
Output metric measured Whole model strain energy(abs.)  

Maximum element strain energy 
over whole model 

Maximum element strain energy near 
each component 

Maximum curvature Maximum curvature 
Max. principal stress (abs.) Max. principal stress (abs.) near each 

component 

*Blue represents the subset shown in this abstract, green is the additional data that will be presented at IMAC, and grey are
suggested metrics for future investigations
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Table 2 System Material Properties

Density [tonne/mm3] Young’s modulus [MPa] Poisson’s ratio [-]
FR4 [19] 1.85E-09 18,500 0.136
Stainless Steel 316L 8.00E-09 [20] 193,000 [20] 0.28 [21]
Electronic Componenta 1.97E-07 N/A N/A
aDensity is a reasonable approximation for instrumentation on a planetary robot. Stiffness is unaccounted for

Model Setup

A finite element model (FEM) was created based on an instrumented PCB panel for modal testing and model correlation
shown in Figure 2 [19]. The model was modified to add three representative electronic components by increasing the density
of certain areas of the panel where they could be located. A system can be idealized as an SDOF system if the natural mode
has a modal participation of at least 80%, meaning it captures the majority of the system’s dynamic response with one mode.
The components are arranged in such a way that the system is a multiple degree-of-freedom (MDOF) system that cannot be
idealized as an SDOF system due to the necessity of multiple modes to increase the modal participation.

Fig. 2 Instrumented PCB panel for fixed—fixed frequency test [18]

Figure 3 shows the layout of the 150 mm x 75 mm PCB panel. The PCB panel has a thickness of 1.5 mm, and the
reinforcement (not shown) of the same area has a thickness of 6.35 mm. The portion of the PCB & reinforcement shown
in orange is clamped to account for physical testing situations. Tie constraints between the PCB panel and reinforcement
are shown in dark blue. The area of the representative electronic components, shown in maroon, is varied to induce an
MDOF system and to emulate the varying size of physical instrumentation. A reinforcement layer consisting of an isotropic,
printable material (Stainless Steel 316L) was added and constrained to the PCB panel with several ties representing physical
fasteners. The shape of this reinforcing layer will be optimized to minimize the objective function in each scenario. The
reinforcement is shown on the PCB in Figure 4. The material properties of the model are denoted in Table 2.

Time History Excitation

A random base motion excitation is applied to the clamped regions of the system through an acceleration time history gener-
ated from a power spectral density curve. Table 3 provides the input power spectral density, which uses values converted into
the model units from the General Environmental Verification Standard (GEVS) for GSFC Flight Programs and Projects [22].
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Fig. 3 PCB panel layout

Fig. 4 PCB model with reinforcement (yellow)

Table 3 Power spectral density inputs

Frequency (Hz) Amplitude (mm2/s3)
20 2500430.0
50 15387261.5
800 15387261.5
2000 2500430.0

The PSD was used to generate a time history for the optimization process such that a time step in the simulation could be
selected for the calculation of static-equivalent loads. The time history was synthesized as a series of sinusoids resembling a
random signal and satisfying the specified PSD [23]. A custom MATLAB script was created to calculate the amplitudes of
the specified PSD and sum the spectral components at each time point. The time history was verified to fit the PSD visually
in Figure 5 using Welch’s method in MATLAB with a window division length of 6 as well as 15 samples of overlap between
segments. The GRMS values between the time history and input power spectral density were found to be 14.163 g’s and
14.136 g’s, respectively, with a reasonably small difference of 0.19%. Then, a normalized PDF, shown in Figure 6, was
plotted to verify the generated time history followed a Gaussian distribution. The bin width for the histogram was 0.038. The
kurtosis was found to be 2.9932; since this is very close to 3, it can be said that the generated time history follows a normal
or Gaussian distribution similarly to the power spectral density input.

The modal damping ratio was approximated based testing conducted on solid PCBs by Bell et. al [4] and were calculated
using the half power bandwidth method [24]. The estimated damping ratio from these experiments ranged from 1.26% to
1.82% for the first three modes in a clamped condition. Thus, for the first 50 modes of our model, a damping ratio of 1.5%
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Fig. 5 Input power spectral density (red) vs time history (blue)

Fig. 6 True Gaussian distribution (red) vs normalized Gaussian PDF of time history (blue)

was applied for each mode as a reasonable estimate of damping. For reference, the fundamental frequency of the baseline
model with uniform reinforcement thickness was 1193.1 Hz.
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Fig. 7 Optimization procedure

Optimization Routine and Code

The optimization method followed is an iterative process in which the reinforcement panel is repeatedly optimized until the
results are satisfactory. The full optimization process is outlined in the following flow chart.

Several scripts were written and utilized throughout the process. Most prominently, a script was written to extract the
displacement history data from the dynamic analyses results for use in calculating the static-equivalent loads for the system
at the specified time step. The calculation of the equivalent-static loads itself was carried out with a separate MATLAB script.
The optimization task was a general (sensitivity-based) optimization of the reinforcement exoskeleton with default settings
modified to freeze the boundary regions, unfreeze the load regions, and allow for 0.5 (50%) maximum change per cycle.
Sizing optimization was used in lieu of topology optimization for the preliminary case study to ensure applied ESLs were
unaffected by the deletion of elements throughout the process. For the sizing optimization, a thickness control was defined
for the reinforcement to allow the thickness of its elements to change from 0.635 mm (10% thickness) to 12.7 mm (200%
thickness). The objective function is defined as the selected output metric to be measured, and the constraint limits the mass
to less than or equal to 100% of its initial mass. For consistency within the optimization loop, the mass was kept consistent
between iterations by increasing the thickness of the remaining reinforcement after remodeling. The proposed optimization
process output metric comparison matrix was outlined in Table 1. The preliminary case study presents the results of the
first round of optimization with whole element strain energy as the output metric and a single time point, single area ESL
generation method. The time point chosen was the time at which strain energy in the model was maximum.

Sample Results

In this preliminary case study, the optimization task was used to optimize the reinforcement exoskeleton to minimize the
strain energy globally. The mass of the system remained unchanged throughout the process for consistency when comparing
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Fig. 8 Total strain energy over time (global) for initial MDOF model

results. Equivalent-static loads used for the optimization were calculated from the stiffness and displacements due to the
time history random base excitation at the critical time point which strain energy was maximum. These loads were applied
to the model at every node. Figure 8 shows the strain energy in the baseline model (uniform reinforcement) at all time points
due to the random base excitation. The critical time point was found to be 0.0356 s with a strain energy of 2.161 N-mm.

The result of the first round of optimization is shown in Figure 9. Clamped reinforcement is hidden for clarity. As
anticipated, reinforcement was removed at areas where overall density was lower. The reinforcement primarily remained
where strain energy was higher in the model, which is where density was higher in the PCB panel due to the components.
Note that even though mass was permitted to decrease during the optimization routine in TOSCA, the optimization preserved
about 99% of the original system mass. This optimization result was remodeled to adjust the thickness of the indicated
reinforcement elements, which were modified rather than deleted for consistency between runs and to allow for the strain
energy of the remade model to be compared to the previous model with the same ESLs.

The remade model, shown in Figure 10, was found to have a reduced strain energy of 2.126 N-mm for the ESL generated
with the baseline model. In the model, the red region has a thickness of 12.7 mm, the blue region has a thickness of 0.635
mm, and the orange region to be optimized has a thickness of 5.816 mm. The thickness of the orange region to be optimized
was adjusted so the total mass of the system remained unchanged. The yellow region represents the reinforcement that is
clamped and unoptimized. The same random base excitation was applied to the first-round optimized model to determine the
critical time point and maximum strain energy for the next step in the optimization procedure. Figure 11 shows the maximum
strain energy in the model at all time points of the analysis. The critical time point was found to be 0.0356 s with a maximum
strain energy of 2.262 N-mm. Note the total strain energy slightly increased from the initial model as dynamic properties of
the system have shifted.

The result of the second round of optimization is shown in Figure 12. Clamped reinforcement is hidden for clarity. Like
the first optimization run, the thickness of reinforcement within the region to be optimized was increased in areas where the
overall density was higher and decreased where it was lower. This optimization result was remodeled in a manner similar to
that of the remodel of the previous optimization result, though the regions of maximum thickness at isolated regions from
the previous result were modified to reflect the thickness of nearby regions instead due to the second optimization result
representing a final run.

The model remade from the second and final round of optimization is shown in Figure 13. Unlike the previous model,
the orange region now has a reduced thickness of 5.320 mm. This model was found to have a reduced strain energy of 2.236
N-mm when analyzing it with the ESLs generated from the previous model run. The model was also found to have the
same strain energy as the previous model of 2.383 N-mm when analyzing it dynamically. Thus, overall, the whole model
strain energy was relatively flat throughout the optimization process and slightly increasing as the dynamics of the system
changed. It is likely not an ideal optimization parameter. A summary of the progression of the whole model strain energy
values throughout the optimization process is shown in Table 4.
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Fig. 9 First-round optimization result (element thickness of the reinforcement layer)

Fig. 10 Remodel of first-round optimization result (reinforcement only)

A final comparison was made between the strain energy in the PCB without reinforcement and the second-round op-
timization result to verify that reinforcement was at least beneficial in reducing the whole model strain energy. Without
reinforcement, the maximum strain energy in the PCB alone is 106.421 N-mm when analyzing it with the same time history
random base excitation, which is monumentally higher than that of the reinforced PCB. The strain energy over time for the
unreinforced PCB is shown in Figure 15.
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Fig. 11 Total strain energy over time (global) for first optimized model

Fig. 12 Second-round optimization result: reinforcement (green) and component locations (red)

Conclusions and Future Work

The preliminary case study work has shown that the dynamic topology optimization process presented results in a non-
uniform optimized structural reinforcement with a significant reduction in the objective function. The conference presenta-
tion will include and compare results for the outputs that can be included by default in the TOSCA solver and compare the
use of global vs. localized regions for identifying the critical time point(s) for ESL(s). The presentation will additionally in-
troduce a method of extracting custom output metrics from Abaqus. Future work will include utilizing custom optimization
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Fig. 13 Remodel of second-round optimization result (reinforcement only)

routines to leverage the custom output metrics as objective functions and experimental testing to validate that the optimized
reinforcement performs as expected.
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Fig. 14 Total strain energy over time (global) for second optimized model

Table 4 Summary of whole model strain energy progression throughout optimization process

Model iteration Load description Maximum whole model strain energy
(N-mm)

Baseline model (solid uniform rein-
forcement)

ESL 1 (from initial time history analysis
with Baseline Model)

2.161

First-round optimization model ESL 1 2.126
First-round optimization model ESL 2 (from time history analysis with

first-round optimization model)
2.262

Second-round optimization model ESL 2 2.236
Second-round optimization model ESL 3 (from time history analysis with

second-round optimization model)
2.383

Fig. 15 Total strain energy over time (global) for initial MDOF model without reinforcement
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Chapter 4Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Towards a Digital Twin for the Condition Based Maintenance
of a Hawk T1A Aircraft

Matt Tipuric, Matthew S. Bonney, Robin Mills, and David J. Wagg

Abstract Condition based maintenance for aircraft has major potential benefits for both reduction of cost and extension of
operational hours. As this strategy relies on using live data to update a virtual representation of a system in order to make op-
erational decisions, the relevance of digital twins is clear. This paper discusses the early-stage development of such a digital
twin using vibration data collected from an ex-service Hawk T1A aircraft. The primary output of this research – the dataset
itself as a benchmark for structural health monitoring – is detailed elsewhere. However, for digital twins to be successfully
developed and employed, the holistic development of the entire cyber-physical system must be considered. The practical
aspects of methodologies and frameworks for all parts of the system must be developed and refined. This paper discusses a
number of these practical implementations within the context of the Hawk data, including sensor choice and placement, data
pipelines, virtual models of legacy systems, and platform design. Based on this discussion, recommendations are made, both
for immediate improvements of the data collection process and for the longer-term development of a practical operational
digital twin.

Keywords digital twin · aircraft · SHM

Introduction

Digital twins are a technology with the potential to be transformational across multiple domains, both within engineer-
ing disciplines and more broadly. Such domains include manufacturing, healthcare, asset management, smart cities, and
earth sciences. While the multiple definitions of a digital twin have been proposed over the years since its conception, a
broadly applicable definition is a virtual representation of a physical system with the capacity for bidirectional information
exchange in relevant time between the digital and physical components. Digital twins find use both during the design of
new assets and across the lifecycle of existing assets - during the product design phase and the asset management phase,
respectively [1].

One common research field that can utilise digital twins in both the product design and asset management phases is
structural dynamics. The verification and validation of models using prototypes is vital for the design of critical components
and assemblies, while condition monitoring allows for effective maintenance scheduling, life-time extension, and crisis
management. None of these areas inherently require the use of digital twins. However, if well implemented, digital twins
can act as enablers for all these areas by reducing siloing, simplifying workflows and allowing for live monitoring of assets.

These uses of digital twins make them particularly attractive in the aerospace sector. Aircraft have complex design
requirements, with aerodynamic, lightweight geometries and components being exposed to hostile conditions. In addition to
this hostile environment, these systems experience long service lives, often more than 30 years, and as a result are expensive
to purchase and repair. They have the potential to fail catastrophically and so are required to undergo frequent and rigorous
inspection and maintenance. Digital twins have the potential to improve each of these areas, improving the validation of
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models at the design phases and increasing the efficiency of in-service condition monitoring. However, much work is required
before the practical implementation of digital twins for structural health monitoring at scale.

This paper focuses on an ex-service Hawk T1A aircraft, which underwent dynamic testing in the Laboratory for Ver-
ification and Validation (LVV) in the University of Sheffield. The primary focus of this work was the generation of high
quality, publicly available data sets to support the future development of condition monitoring techniques. The data sets
themselves - both of the starboard wing [2] and of the whole structure [3] - are described in detail in other papers which will
not be duplicated here, beyond the small amount which is required for comprehension. A secondary goal of this work was to
capture the difficulties in collecting and working with datasets at this scale, in support of the practical development of digital
twins. These ancillary parts of the process are the focus of this current paper.

The Structure and Models

The BAE Systems Hawk T1A aircraft (‘the Hawk’) is a two-seater aircraft which was previously used by the British Royal
Air Force and was previously used for advanced pilot training. After its retirement from service, it was donated to the
University of Sheffield by the Defence Science and Technology Laboratory and is now housed at the LVV. It is 12.4m (40.7
feet) in length, with a wingspan of 9.1m (29.9 feet).

For safety and security reasons, a number of components were removed before the Hawk’s arrival on site. These include
the cockpit canopy, seats and instrumentation, the engines, and all electronics. Additionally a number of panels are missing,
including some of the port wing, the flaps and rudder, and a substantial amount of the upper, rear fuselage, as shown in
Fig. 1. The Hawk rests on its wheels on the strong floor of the LVV.

Fig. 1 a) The Hawk in situ and b) detail showing the missing upper fuselage, covered with fabric

The hawk was provided without documentation or a service history. All measurements and models included in this paper

Fig. 2 a) The beam and b) shell CAD models of the hawk
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are either from open sources or were collected during the project. To demonstrate digital twin capabilities, two computer
aided design models were created of the Hawk in ABAQUS - a beam model and a rough shell model, shown in Fig. 2. The
latter was also used as the basis of a 3D printed physical model of the Hawk, which aided discussion in the testing design
phase.

Test Design

The Hawk was equipped with five shakers: one on each wing, one on each stabiliser, and one on the rudder. A total of 82
uniaxial accelerometers were applied to the fuselage, wings, stabilisers, rudder, and landing gear, as well as three triaxial
accelerometers at the nose, cockpit and tail. Ultimately, the limitations were the number of channels available and the
availability of the sensors themselves. An additional triaxial accelerometer was attached to the floor below the centre of
the aircraft to detect ground vibration, while ambient temperature and sound were captured using a resistance temperature
detector and microphone, respectively. Full detail about the test setup, including schematic diagrams of the locations of all
sensors and shakers, can be found in Reference [3].

Fibre Bragg grating (FBG) was also applied along the lengths of the wings, stabilisers, and rudder. The reasoning for this
was that FBG is lighter and less bulky than accelerometers. If damage could be successfully detected using the signals either
the FBG and a reduced number of accelerometers (or even from the FBG alone) then this might present a more practical
option for in-operation sensing.

The placement of the accelerometers was motivated by sensor placement optimisation [4]. Two separate methods were
trialled: in this case effective independence [5] was found to be too computationally expensive and so the modal kinetic
energy method [6] was used. The approximate nature of the underlying model (especially the fact it only represented the
shell of the Hawk) meant that the applicability of the actual sensor locations calculated through this method was inherently
limited. However, it did provide value by indicating a suitable distribution of the available sensors (i.e. how many should
be placed on the wings compared to the tail). Expert knowledge, both from general experience with vibration testing and
specific experience from the wing-only tests then guided the final placement of the sensors.

Data Collection, Storage, and Dissemination

The testing regime consisted of five phases, detailed in Ref. 3:

1. The Hawk in its normal, undamaged condition, using both white and pink noise inputs.
2. Single site pseudo-damage, using mass addition at one of fifteen locations and white noise input.
3. The Hawk in its undamaged condition, using odd random-phase multisine excitation.
4. Multi-site pseudo-damage with mass addition at up to three of the fifteen sites at once, using white noise input.
5. Damage test through the removal of panels on the port wing

A schematic of the test setup is shown in Fig. 3. The control equipment was operated using National Instruments (NI)
Labview on the test PC. An analog output (A/O) card interfaced to the shaker amplifiers. The shakers themselves were then
connected to the Hawk through stingers and load cells, with the load cells connecting back to the test PC through an analog
input card. Analog input cards were also connected to the accelerometers, temperature and microphone, allowing the data
from these sources to be captured through Labview synchronously with the output. A separate interrogator unit digitised the
data from the FBGs and outputted it to the PC, where it was captured in a separate file to the NI data (although it was still
acquired by the labview code). A synchronisation pulse was captured in all data files to ensure data alignment.

The multiple input, multiple output (MIMO) testing required significant effort at the start of each series of tests in
order for each shaker to deliver the required signal. First, a breakpoint table was derived for each test sequence, describing
the amplitude of the required excitation at each location. This was then resampled to create a breakpoint mask for each
frequency line which, alongside a random phase, defined the sine wave for each frequency line, which combined to form
the time domain signal. Each shaker was then excited, the response of the load cell compared to its expected value, and the
gain mask updated accordingly. This process was then iterated until the target and measured values were within the specified
tolerance of 4% and this final drive signal was used to gather the test data. New drive signals were generated using this
method whenever any significant change might have occurred to the structure (i.e. at the start of each day and whenever
masses or panels were added or removed) or whenever a different input signal was required.
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Tests were logged using a Google sheet, in order to keep an up-to-date list across the multiple researchers involved, along
with a Google form for redundancy and to capture any research notes. Data was then uploaded to the shared Google drive at
the end of each day, as a backup and to allow for verification.

A total of 216 tests were conducted, creating in excess of 500 GB of raw data. In order to ease the practical challenges
associated with working with a dataset of this scale, the dataset is packaged using the hierarchical data format (.hdf5), which
allows the data and metadata to be stored concurrently. In addition, a simple interface was developed in Python to aid users.
This API first checks for local versions of the requested files and then, if not available, accesses the data from a central
repository. This means that users only download the exact data required and avoids data erosion through repeated sharing of
the data.

Fig. 3 A schematic of the test setup, showing both software and hardware components

Digital Twin Online Platform

An implementation of the Digital Twin Operational Platform (DTOP) [7] was used to demonstrate some digital twin ca-
pabilities. DTOP is an open source, browser-based digital twin architecture developed using Python and Flask. The DTOP
platform enables the creation of a web-page or web-site, containing data and models of the physical twin, to act as a single
source of truth. Currently these web-pages are created and deployed locally. In this instance, the DTOP interfaces with the
data asynchronously, with real-time data linkage being a topic for future work.

The specific implementation of the DTOP created for the Hawk is nicknamed DTHive and is shown in Fig. 4. The
DTHive webpages offer the user two capabilities. The first is access to the data from the experimental tests. The second
capability is interfacing with the ABAQUS finite element analysis software to investigate and update the CAD models. This
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Fig. 4 The landing page of DTHive

Fig. 5 The beam model generation page of DTHive

requires the user to have a local, licenced copy of ABAQUS. Running the script through the interface in Fig. 5 allows the
user to open either the beam or the shell models from the DTOP, edit the material properties and load the resulting file into
ABAQUS.

Data

Figure 6 shows an indicative sample of the data collected using the accelerometers and FBG sensors, respectively. An
example of some pseudo damage data is shown in Fig. 7, which shows the response of an accelerometer on the starboard
stabiliser to white noise excitation with the addition of the largest mass (M1, 245.3g) and smallest mass (M7, 64.4g), as well
as without mass addition. Further detail can be found in Reference [3], which also includes a number of motivating research
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Fig. 6 Superimposition of the frequency response function magnitudes for white noise healthy state tests from a) all ac-
celerometers and b) all FBGs

Fig. 7 Frequency response function magnitude of a single accelerometer on the starboard stabiliser in response to white
noise input in an undamaged state and in the presence of two different masses

challenges. Of particular relevance to the discussion here are Challenge 11: Detecting pseudo-damage using subsets of the
available data, Challenge 13: Detecting pseudo damage with exclusively the FBG data, and Challenge 14: Establishing the
extent to which higher quality data is useful in the training phase, when only lower quality data is available during operation.
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Discussion

The collection of the Hawk dataset highlights a number of key issues relating to the creation of digital twins. These largely
relate to the nature of the purpose of the digital twin, and the identities of the users and data owner. While many aspects of
digital twin design are widely applicable, as we move towards more industrially applicable demonstrators, the specifics of
each of these aspects become more relevant and we are required to make assumptions about each. These assumptions radi-
cally affect the specifics across the design, including the sensor selection, data pipelines, modelling, and data visualisation.

For land-based structures, such as bridges and wind turbines, accelerometers and strain gauges are standard tools for
monitoring structural dynamics. However, for aircraft, weight reduction and aerodynamics are key considerations. Attaching
over 100 sensors to the external structure of an operational aircraft without significantly degrading performance would be
at minimum a significant design challenge. Equally, attaching such a large quantity of sensors, along with their associated
cabling, requires multiple days to achieve, which makes gathering as dense a dataset between flight hours impractical. These
concerns motivated the inclusion of the fibre bragg grating in these tests, as these lower profile, lighter sensors might be
more practical. However, resilient damage detection methods need to be shown using this FBG data. Similarly, if data from
subsets of the accelerometers can be used for damage detection, then this would present a significant step towards the use
of sparse data. The specific requirements of the digital twin matter here: if in-operation damage detection is required, then
integration of light weight sensors is key; if instead the goal is to support the scheduling of on the ground maintenance, then
effective sensor placement optimisation or investigation of other methods, such as the use of robotic laser vibrometry must
be prioritised.

In both cases, the data collection and modelling are best supported by a high level of confidence in the knowledge of
the structure in its undamaged state. The limitations of conducting sensor placement optimisation using the approximate
models of the Hawk have already been discussed. High fidelity models also have value in other areas, such as interrogating
the causes of nonlinearities in the underlying data. However, the generation of such models is not trivial, even with recent
advances in 3D scanning, as is gaining a bill of materials for a sensitive legacy asset like the Hawk. If the involvement of
the original equipment manufacturers in the creation of the digital twin can be assumed, then these issues become trivial.
Otherwise, however, decisions will need to be made regarding the amount of effort to be spent on generating high quality
computer models, and so the benefits need to be understood and well evidenced.

As is often the case with prototyping and experimental work, the data pipeline used here was low in automation, using
immensely more human labour than would be practical in a real-world context. This includes both time in the set-up stage and
during the testing itself. The requirement to check the attachment of the sensors manually, followed by a lengthy generation
of the drive signals before each series of tests required a level of human involvement that precluded the automation desirable
from a digital twin. Inclusion of a SCADAS style sensor integrity testing of accelerometers, as an example, could massively
decrease the effort involved. Including data verification earlier in the pipeline would also be of major benefit, allowing for
errors to be caught and tests to be re-run more quickly. However, given the nature of collecting a dataset that, by design,
includes damage that is hard to distinguish, only so much verification can be automated. The number of edge cases mean
that expert knowledge to distinguish when data “looks a bit off” is still required. These issues are included in Reference [3]
as Challenge 2: Challenge 2. Aiding (or reducing the reliance on) operator interpretation when collecting large datasets.

Many improvements were made in the testing protocol, building on the lessons learned from the single wing tests. One
example is the inclusion of the microphone and resistance temperature detector. Having a comparable record of ambient
testing conditions massively reduced the number of subjective, hard to quantify comments included alongside the data, as
testers were no longer required to judge what levels of additional ambient sound were notable. As digital twin tools develop,
this kind of ability for continuous improvement in workflows should be kept in mind, with tools designed to encourage them
rather than lock in suboptimal workflows.

A final comment concerns data visualisation. In this project, relatively conventional data visualisation techniques have
been used, as the dataset is designed to be used by subject matter experts. However, a major promise of digital twins is
the reduction of silos and the greater dissemination of data across organisations. The ways in which structural dynamics
data might be best conveyed to non-expert audiences will need to be studied, especially where it relates to uncertainty
quantification and conveying the limits of what the data can show (i.e. avoiding overconfidence). As ever, the users and
purposes need to be considered in all this - a ground technician crew will have very different understanding and requirements
to a pilot in flight.
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Conclusion

This paper has described the collection of the Hawk structural dataset from the perspective of digital twins. The structure,
test design, test equipment and data collection were described in detail. A version of the digital twin online platform software
representing the Hawk was also described. Finally, some discussion was given to the limitations of this testing as it relates to
practical implementations of digital twins. This discussion focused on the ways in which digital twin design is necessarily
motivated by the purpose of the twin, the identity of the user, and the identity of the data owner and covered aspects of
sensor delection, the difficulties of creating digital twins of legacy structures, data pipeline design, test automation, the need
for continuous improvement, and dat visualisation.

Data Availability

All data collected is made freely available at: orda.shef.ac.uk/articles/dataset/BAE T1A Hawk Full Structure M
odal Test/24948549. In addition, the authors make a python interface for interacting with the data available at: https:
//github.com/MDCHAMP/hawk-data.
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Chapter 5Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Operational Modal Analysis of Satellites using Direct-field
Acoustic Test Data

Bart Peeters, Alberto Garcia de Miguel, Umberto Musella, and Ivan Ngan

Abstract During acoustic qualification testing of satellites, the structural responses are being monitored and measured. The
main objective of this paper is to explore the application of Operational Modal Analysis (OMA) to this structural response
data. Acoustic qualification testing happens either in a reverberation chamber or by using so-called direct field testing where
the test object is surrounded by many loudspeakers. This paper reports on a study involving the Structural and Thermal
Model (STM) of the PROBA-V satellite. Several impact, compact shaker and direct field acoustic noise (DFAN) tests have
been executed on this structure to study the influence of different test conditions on the control quality of a direct field
acoustic environmental test and to identify the dynamic properties of the structure.

The purpose of the paper is to track and compare the modal parameters of the specimen during various testing phases
for an enhanced understanding of the structural behaviour under acoustic loading. Classical Experimental Modal Analysis
(EMA) will be applied to data from preliminary tap and compact shaker tests and Operational Modal Analysis will be applied
to data from DFAN tests. During these DFAN tests, the structure is excited by a well-controlled acoustic field, but the forces
acting on the satellite are not measurable and therefore structural Frequency Response Functions are not available which
means that output-only OMA needs to be applied instead of input-output EMA.

Finally, the modal test results are compared with the modal parameters from a Finite Element Model of the satellite.

Keywords Operational modal analysis · satellite testing · direct-field acoustic test

Introduction

During a recently organized DFAN Master Class which had as objective to gather and disseminate know-how and experience
related to spacecraft direct field acoustic testing, ESA made available the Structural and Thermal Model (STM) of the
PROBA-V satellite. Several acoustic and tap tests have been executed on this structure to study the influence of different test
conditions on the control quality of a direct field acoustic environmental test and to identify the dynamic properties of the
structure.

Environmental testing is a necessity to ensure the survivability of hardware during launch of space vehicles. Particularly
during the ignition and liftoff launch stages the main source of dynamic loading is characterized by a non-deterministic
acoustic environment. Hence, the environmental acoustic test becomes a fundamental qualification test to evaluate if an
aerospace structure (e.g. payload), system or component can withstand the vibratory load it will encounter during its
operational life. DFAN testing is a well-established technology to perform acoustic qualification of satellites and large
components such as antennas or solar panels [1]. The background, motivation and advanced possibilities of DFAN testing
can be found in [2, 3].

This paper is not related to DFAN testing methodologies as such, but to the exploitation of the structural vibration data
acquired during these types of tests by means of Operational Modal Analysis. Together with the pressure responses measured
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for acoustic control purposes, the structural responses, typically accelerations and strains, are also acquired to ensure the
safety of the structure and validate its performance against the acoustic excitation. Often, the spacecraft is instrumented with
a large number of sensors, requiring large efforts in terms of test preparation. The application of OMA creates an additional
use case for this data by gaining more insights in the structural behaviour of the spacecraft. Recently, OMA was successfully
applied to an antenna reflector during a DFAN test [4]. The objective of the present paper is to explore in how far this
technology can be expanded towards a full satellite.

Fig. 1 PROBA-V STM instrumented with sensors and surrounded by microphones for capturing and controlling the sound
field at the test facilities of Siemens Industry Software NV, Leuven, Belgium. Courtesy of ESA and Redwire Space NV

Fig. 2 In Background: Simcenter SCADAS Lab controller and data acquisition system; and MSI-DFAT loudspeakers.
Courtesy of ESA and Redwire Space NV
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Test Set-up

The DFAN test campaign was conducted in March 2024 in the Siemens facilities in Leuven, Belgium (Fig. 1). The loud-
speaker equipment, or Noise Generation System (NGS), was provided by MSI-DFAT (Fig. 2) and installed inside a large
semi-anechoic chamber. It consisted of 4 stacks of 3 subwoofers and 4 stacks of six 3-way cabinets distributed in a circle
of 4.5 m diameter. Two Simcenter SCADAS Lab systems have been used, one providing DFAN MIMO acoustic control as
implemented in Simcenter Testlab software, and the other acquiring structural response data (Fig. 2).

A total of 25 free-field microphones were installed around the test specimen, 22 of them used as control candidates
(Fig. 3). The latter were placed at random positions between the loudspeakers and the satellite surfaces following the recom-
mendations of [1]. The DFAN tests considered in this paper were executed using 18 control microphones and the 4 remaining
ones served as additional monitoring microphones. The final selection of control microphones was done based on a pre-test
analysis aiming at maximizing the uniformity of the acoustic field [5].

Fig. 3 DFAN test configuration. The blue markers indicate the microphone positions

Fig. 4 Exploded view of the PROBA-V STM [6]. Courtesy of ESA and Redwire Space NV
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The satellite was instrumented with more than 100 accelerometer channels, which will be heavily exploited in this paper.
An exploded view of the PROBA-V with the naming of the different panels is provided in Fig. 4, reproduced from [6]. More
details on the DFAN test set-up can be found in [2].

Impact (tap) Testing, Compact Shaker Testing and Experimental Modal Analysis

After the satellite instrumentation was completed and before the DFAN tests were run, preliminary impact testing (sometimes
also called tap testing) was performed. In this study, the objective of these tests is to obtain a baseline set of satellite modal
parameters for comparison with the results obtained during the DFAN tests. In addition, also shaker testing was performed,
not with a large shock & vibration shaker, but a compact Simcenter Qsources Integral shaker attached to the satellite.

A (gentle) impact was applied at a “robust” location, i.e. at the intersection of 3 panels (Fig. 4): TP, NP, PLP, of the
satellite in both the X- and Y-direction (Fig. 5, Left). For each direction, the impact was repeated 15 times, allowing for
data averaging and coherence calculations. The Simcenter Qsources Integral shaker was attached at approximately the same
location as the impact location (Fig. 5, Right). The shaker has a miniature size, ideal for hard-to-reach locations. It is self-
supporting and self-aligning; has an integrated force cell and accelerometer; and covers a wide excitation frequency range:
20-2000Hz. The highly controllable shaker forces are attractive in cases where one may not be comfortable applying impact
excitation to a satellite.

The driving point FRFs (in X-direction) and corresponding coherences are represented in Fig. 6. For the case of shaker
excitation (Fig. 6, Right), also the shaker force PSD is shown. A band-limited (20-300 Hz) pseudo-random excitation signal

Fig. 5 (Left) Location and direction of the impacts; (Right) Location and direction of the Simcenter Qsources Integral
shaker. Courtesy of ESA and Redwire Space NV

Fig. 6 PROBA-V modal testing. (Left) Impact testing: driving point FRF (red) and corresponding coherence (blue); (Right)
Qsources testing: driving point FRF (red), corresponding coherence (blue), and shaker force input PSD (green)
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Fig. 7 PROBA-V modal testing – averaged coherences 20-300Hz plotted on the geometry (color scale is between 0.9 and
1). (Left) Impact testing; (Right) Qsources testing

Fig. 8 PROBA-V modal testing – Polymax stabilization diagrams. (Top) Impact testing; (Bottom) Qsources testing
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was used. Resonances are clearly visible in the FRFs and the coherences are good in the frequency range of interest, although
there is a clear difference between impact and shaker excitation as can be seen in Fig. 7: for all measurement locations,
the shaker coherences are superior. Polymax [7] was applied in a frequency range from 12 to 237 Hz. Fig. 8 shows the
stabilization diagrams that are used to select the modes. Afterwards, the MLMM method [8] was run for 30 iterations to
further improve the initial modal parameter estimates. MLMM is an optimization method in which the difference between
measured and synthesized FRFs is minimized. Both Polymax and MLMM are implemented in Simcenter Testlab. The shaker
tests took place 15 days after the impact tests. Overall, the resonance frequencies slightly decreased (on average with 0.5%).

A typical result is presented in Fig. 9 where a very good fit between measured and synthesized driving point FRFs can
be observed; both for the impact and the shaker data. The conclusion of this section is that Experimental Modal Analysis
(EMA) applied to the impact and shaker FRFs yields a high-quality baseline set of modal parameters. The modes themselves
will be presented in next section together with the Operational Modal Analysis (OMA) results (Fig. 20, Table 1).

Fig. 9 PROBA-V modal testing – measured (red) and synthesized (blue) driving point FRF. (Left) Impact testing; (Right)
Qsources testing

Direct Field Acoustic testing and Operational Modal Analysis

DFAN Tests with Different Number of Drives
DFAN tests have been conducted with different number of drive signals: 1, 2, 4 and 8. In this manner, different acoustic
fields are generated to excite the structure, i.e. from a fully correlated field (1 drive) to a highly diffuse field (8 drives). The
acoustic field can be assessed using established metrics for DFAN testing [9]. Whereas all 4 tests were able to maintain a
stable OASPL of 125 dB over time and achieved a 1/3rd octave spatially averaged SPL close to the reference profile and
within the set tolerances (+-3 dB) in all bands, the acoustic field is quite different as indicated in Figure 10 and Fig. 11.
The dispersion plot (Fig. 10) includes the responses of all the 22 microphones selected as control candidates, i.e. the 18
finally selected via pre-test analysis plus 4 remaining ones left as monitor sensors to check the acoustic fields in uncontrolled
locations. The “dispersion” is the difference in dB between the individual microphones and the spatial average of the control
microphones. It can be observed that the uniformity of the acoustic field improves when increasing the number of drives
from 1 to 8. Figure 11 shows the “Sinc Indicator Function” (SIF) introduced in [10] as a diffusivity metric. The SIF has a
value between 0 (bad) and 1 (good) and is based on the deviation of the measured pairwise microphone coherences from
the theoretically expected coherences in a perfectly diffuse field. When increasing the number of drives from 1 to 8, the SIF,
averaged over the frequency range, significantly improved from 0.15 to 0.84.

Also, the structural responses are quite different in the 4 different tests (Fig. 12). Following observations can be made:

• Results from tests with 1 and 2 drives are relatively similar to each other, as well as results from tests with 4 and 8
drives, but both groups differ considerably from each other.

• There is for instance a 6 dB difference in level at the frequency of the 1st bending mode of the AP panel.
• Despite the amplitude level differences, the frequency content is quite similar across the 4 tests. This qualitative

observation is confirmed by the OMA analysis of the 4 tests: the same structural modes are found back for all cases.
In the following, we will then only focus on the 8-drives case.
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Fig. 10 Dispersion at control (blue) and measurement (green) microphones. (Top) 1 and 2 drives; (Bottom) 4 and 8 drives

Some more observations on the influence of the number of drives on the PROBA-V structural responses can be found
in [2].

Operational Modal Analysis

The Operational Modal Analysis (OMA) variant of Polymax [11] as implemented in Simcenter Testlab will be used to
estimate the modes from the DFAN data. A detailed discussion on data pre-processing for Operational Modal Analysis can
be found in [11] and references therein.

First auto- and cross correlations are computed from the time domain data. In an OMA setting, the response correlations
behave like impulse responses. So, just like in impact testing, an exponential window can be applied to the correlations
before computing the Fourier transform. The exponential window reduces the effect of leakage and the influence of the
higher time lags, which have a larger variance. Moreover, the application of an exponential window to impulse responses or
correlations is compatible with the modal model and the pole estimates can be corrected.

As part of the pre-processing, a selection needs to be made on a subset of the sensors that will serve as so-called “reference
sensors” for the cross-correlation and cross-spectra calculations. For a successful OMA, it is not needed that the full cross
spectrum matrix between all available sensors is calculated. It suffices to calculate a subset of columns of this matrix: the
cross-spectra between all sensors and the selected reference sensors. It is important that the ensemble of reference sensors
can observe all modes of interest. For the PROBA-V, the X-, Y-, and Z- channel of a triaxial sensor at the TP panel were
selected as reference channels (Fig. 13).

Figures 14 and 15 illustrate the pre-processing for OMA. 120 s of full-level DFAN data (Fig. 14, Top) is reduced to a
correlation function that decays in less than a second (Fig. 14, Bottom). A single-block Fourier transform is then applied to
these correlations to obtain the so-called “half spectra” represented in Fig. 15.
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Fig. 11 SIF for the DFAN tests with different number of drives: 8, 4, 2 and 1

Fig. 12 Acceleration PSD at centre location of the AP panel for different number of drives: 8, 4, 2 and 1. The cursor
indicates the frequency of the 1st bending mode of the AP panel

Theoretically, OMA relies on the assumption that the excitation is white noise. In such cases, it is not needed to measure
the excitation sources, and the response measurements are sufficient to characterize the system (up to the input-output scal-
ing). In practice, the white noise assumption can be relaxed a bit and OMA still provides good results when the (unknown)
excitation spectrum is relatively “smooth”. A closed-loop test like DFAN typically does not satisfy the white-noise assump-
tion, but nevertheless, by comparing a DFAN OMA half spectrum with an FRF obtained from impact testing (Fig. 16), it
seems that roughly the same resonance peaks can be observed, which is a promising starting point for applying OMA.

The half spectra are fed into the (Operational) Polymax method to yield estimates for eigenfrequencies, damping ratios
and mode shapes. As part of this process a so-called stabilization diagram (Fig. 17) is computed that allows to discriminate
between physical and computational modes. As a quality measure for the modal analysis process, the measured spectra are
compared with the synthesized spectra computed using the estimated modal parameters (Fig. 18). The correspondence is
very good in this case, indicating that the measured data is well explained by the identified modal parameters. Some of the
identified mode shapes are shown in Fig. 19. Please note that in this paper, we mainly focus on the OMA modes that are



Operational Modal Analysis of Satellites using Direct-field Acoustic Test Data 71

included in the impact testing baseline set of modal parameters.

Modal Correlation

Impact Test (EMA) versus DFAN Test (OMA)
The modes retrieved from the DFAN test using OMA are compared to the baseline modes found by applying EMA to the
impact test data:

• The eigenfrequencies and damping ratios agree very well (Table 1).
• Also, the mode shape estimates are in good agreement as indicated by the MAC values (Fig. 20). A MAC value

expresses the correlation between 2 modal vectors.

Test versus Finite Element Model (FEM)
It is also interesting to compare how well the modes identified from Tests correspond to the Finite Element Model (FEM)
modes. Hereto, Simcenter Testlab Modal Correlation was used. Figure 21 shows the Test – FE comparison for 6 modes of
which the mode shapes agree very nicely. This indicates that a rather quick and easy impact test and / or a more detailed
analysis of available DFAN data could be used for validating and improving the FEM of a satellite.

Conclusions

This paper showed the successful experimental identification of the modal parameters of the PROBA-V satellite by applying
Operational Modal Analysis to DFAN data. The OMA results agreed very well with the EMA modal parameters obtained

Fig. 13 Location of triaxial reference sensor for OMA. Courtesy of ESA and Redwire Space NV

Table 1 Comparison of eigenfrequencies and damping ratios estimated using EMA (Impact data) and OMA (DFAN data)

EMA – Impact OMA – DFAN EMA – Impact OMA – DFAN
Mode # f [Hz] ξ [%] f [Hz] ξ [%] Mode # f [Hz] ξ [%] f [Hz] ξ [%]

1 26.2 1.1 25.5 1.3 8 162.4 1.8 161.9 2.4
2 37.2 1.1 36.6 1.4 9 167.6 1.0 166.7 1.2
3 59.0 0.2 58.8 0.3 10 171.6 1.2 171.5 1.2
4 74.1 0.4 73.7 0.8 11 176.9 1.3 177.3 1.6
5 112.7 1.5 111.7 1.2 12 182.5 1.4 181.8 1.2
6 128.2 2.6 126.4 2.1 13 188.7 2.2 185.5 1.0
7 158.7 1.1 158.9 1.3 14 232.7 1.0 231.0 0.8
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from impact testing and shaker testing. Such modal tests are not significantly adding to the environmental test schedule.
Simcenter Qsources shaker testing is very repeatable and benefits from highly controllable force levels, leading to superior
coherences compared to impact testing. Nevertheless, both impact and shaker testing yield reliable modal parameters after
applying Polymax combined with MLMM.

There are several advantages associated to the use of OMA in a DFAN context:

• OMA allows an enhanced exploitation of test data that was measured for another purpose (acoustic qualification).

• The modal parameters are obtained under realistic loading and with realistic boundary conditions.

• The interaction between the structure and the acoustic environment can be investigated.

Acknowledgments The authors would like to acknowledge the contribution of MSI-DFAT (Baltimore, USA) and DV2 (Metz, France) in the
preparation and execution of the DFAN test campaign. Also, the authors would like to thank ESA and Redwire Space NV (Kruibeke, Belgium)
for facilitating the use of the PROBA-V STM and FEM.

Fig. 14 (Top) Acceleration time recording during DFAN testing. A 2-minute segment at full level is selected for further
processing. (Bottom) Acceleration auto-correlation computed from the time data

Fig. 15 “Half” power spectrum computed as the DFT of the (windowed) autocorrelation window of Figure 14 (Bottom)
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Fig. 16 Comparison of impact testing FRF (Left axis / blue) and DFAN half spectrum (right axis / red)

Fig. 17 PROBA-V DFAN testing – Operational Polymax stabilization diagram

Fig. 18 PROBA-V DFAN testing – Measured (crosses) and synthesized (line) power spectra of the 3 reference sensors



74 B. Peeters et al.

Fig. 19 PROBA-V DFAN testing – mode shapes obtained by OMA (Mode # 1, 5-8, 10-12, 14 of Table 1)
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Fig. 20 MAC between DFAN – OMA (columns) and Impact – EMA (rows) mode shapes

Fig. 21 Side-by-side comparison of Test (left) and FEM (right) mode shapes. 6 mode pairs are shown (Mode # 1-2, 5-7,
11 of Table 1)





Chapter 6Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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The Impact Calibration Technique for Piezoelectric Force
Sensors

Michael Mains, Derrick Hollins, and Chad Kallmeyer

Abstract This paper is an expansion upon a previous IMAC paper which compared calibration techniques for piezoelectric
force sensors [1]. In this paper, the dynamic impact calibration technique will be further explored and verified with additional
testing. We will retake some of the same data taken in the original paper with the same sensor models and test procedures
tested to investigate repeatability of the technique.

In the original paper force was applied to the sensor under test similar to the way an impact hammer is calibrated, this
is similar in many ways to how an impact test is performed for modal testing. The use of an impact hammer is convenient
and commonly used for modal testing, but known to not provide the best data for modal analysis. Many of the same issues
that affect impact modal testing, such as alignment of the hammer to the surface of the structure to be impacted are known
to affect accuracy. We will look at using the mass extenders that come with the impact hammer and using a larger hammer
that what was used in the original paper. Additionally, a MATLAB app using the DigiDAQ was used in the original paper,
we will also acquire data with a higher quality lower noise DAQ card and use The Modal Shop (TMS) 9961 software the is
traditionally used for impact hammer calibration.

All results will be compared back to the tradition hydraulic force sensor calibration that is currently used for calibrating
force sensors.

Keywords Force · Sensor · Calibration · Impact Hammer

Background

The available methods of calibrating piezoelectric force sensors have limitations. The simple to use and accessible Gravi-
metric Drop Calibration may not adequately test a high range sensor while the use of deadweight and hydraulic systems is
set up intensive and costly. The Impact Calibration technique provides both a simplified set up and higher force input for
calibration of higher measurement range force sensors.

The Gravimetric Drop Calibration rig is shown in Figs. 1 and 2 was discussed in detail in the original paper. A typical
time history is shown in Fig. 3. This measurement is repeated with several weights. The limitation of this method is limited
to the maximum weight that can be supported by the monofilament line. In The Modal Shop calibration lab weights of
approximately 1, 2 and 3 lbs. are used.

A representative hydraulic force sensor calibration system is shown Fig. 4. This method was discussed in detail in the
original paper.

In this paper we continue to investigate the impact method as a third option to calibrate force sensors. Impact testing had
been used in trouble shooting and impact hammer calibration for a number of years. It is also receiving renewed interest
in the research of National Metrology Institutes (NMI’s) like Germany’s Physikalisch-Technische Bundesanstalt (PTB) [2]
and the United States’ National Institute of Standards and Technology (NIST) [3]. Figures 8 thru 10 show their respective
test systems for hammer calibration. They have not yet tried to extend this to general purpose force sensors and impedance
heads as we do in this paper. It is interesting to note that both systems implement a pendulum setup for there hammer to
mitigate operator error that might occur during testing. PTB’s system specifically notes the use of a scale to help maintain
a consistent application of force. TMS is evaluating is currently evaluating these designs as well as investigating a dual
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Fig. 1 The Modal Shop Gravimetric Calibration rig Fig. 2 Gravimetric Load Cell Calibration

Fig. 3 Time history of a gravimetric force cell calibra-
tion Fig. 4 Force Calibration Rig

Fig. 5 Impact Force Sensor Calibration
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pendulum impactor that would use two weights with both pendulums supported by monofilament line. Figure 5 illustrates
the setup using the pendulum of the Gravimetric Calibration rig that is typically used for calibration of impact hammers.
With this method, instead of calibrating the impact hammer we mount the force SUT on the rigid mass and install an impact
cap on the force SUT. The impact hammer is used to apply the force to the SUT and the acceleration is measured using a
reference accelerometer. The force is calculated multiplying the measured acceleration by the mass of the rigid mass of the
pendulum. Several impacts were made at varying force levels.

Fig. 6 MATLAB application

Fig. 7 DigiDAQ Model 485B39
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Fig. 8 Impact Hammer Calibration Device at PTB

Testing

Application and DAQ

The measurements were made with two different acquisition setups. The first is a continuation of what was used in the
previous paper and was comprised of a custom MATLAB app (Fig. 6) written for the DigiDAQ Model 485B39 (Fig. 7). The
second setup was the TMS Impact Hammer Calibration System 9155-961 software option which uses a National Instruments
(NI) 4461 DAQ card. Acceleration measurements were made with 353B04 ICP Accelerometers. Force impacts were applied
with a PCB TLD086C03 or TLD086D05 impact hammer with and without mass extender. Hammer tips included the red
(super soft), black (soft), white (medium) and steel (hard) hammer tips included with TMS and PCB impact hammers. The
steel hammer tip was not always used with the MATLAB DigiDAQ app because the DigiDAQ is limited to a 48kHz sample
rate. Typically, 10 to 16 impacts were made taken per test. A test consisted of a specific force sensor, hammer tip and
either a slow, rapid or mixed application of force. Unlike hammer calibration, hammer tips don’t seem to bias the results
of calibrating the force sensor. For hammer calibration a different sensitivity is often specified for different hammer tip and
extender configuations.

Table 1 Table of Sensors

Range
(lbf)

Sensitivity
(mV/lbf)

Type Normalized
Error EN

Normalized
Error |EN |

Sample Size
(Sensors)

Model

2025 2024 2025 2024 2025 2024
10 500 Force -1.27 0.07 1.35 0.80 72(3) 8(2) 208C01

100 50 Force -0.45 -0.20 0.46 0.20 98(2) 10(2) 208C02
500 10 Force -0.66 -0.82 0.67 0.82 98(3) 10(2) 208C03

1000 5 Force -1.16 -1.74 1.17 1.65 98(3) 10(2) 208C04
5000 1 Force 0.36 2.10 0.38 2.10 72(3) 8(2) 208C05

50 100 Impedance
Head

- 0.07 - 0.73 - 10(2) TLD288D01

100 50 Impedance
Head

- 0.30 - 0.37 - 10(2) TLD288M25
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Fig. 9 Photo of PTB Device

Sensors

Two to three sensors each for seven different models of sensor were tested for a total of 18 different sensors pulled from the
TMS rental pool. The maximum force level for each sensor model varied from 10 lbf to 5000 lbf. Two of the force sensors
used were impedance head type sensors which include force and acceleration measurement capability. These sensors are
typically used for making driving point FRF measurements for modal testing where shakers are used for excitation.

Analysis

To determine the force sensor’s sensitivity a simple least squares regression is performed. Since the y-intercept between the
known acceleration and the unknown force is zero for ICP sensors the least-squares regression simplifies to:

xn =
V p

map
(1)

where: xn = sensitivity of the new method
V p = is the mean of the peak Voltages measured by the force sensor
m = mass of the pendulum
ap = is the mean of the peak accelerations measured by the accelerometer
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Fig. 10 NIST Impact Force Standard

Normalized Error

It is common when comparing calibration results between laboratories to use normalized error [4]. This is often done with
laboratories participating in proficiency tests or interlaboratory comparisons. Normalized error is a statistical evaluation
where the uncertainty in measurement result is included.

En =
xn

xR
− 1√

U2
n + U2

R

(2)

where: xR = sensitivity of the existing method
Un = Uncertainty percentage of the new calibration procedure
UR = Uncertainty percentage of the existing calibration procedure
For this analysis, similar to coherence, values between ±1 are considered acceptable.

Results

The Normalized Error calculation was applied to 457 of 462 tests that were performed on 18 different sensors. 4 of 6 data
sets for 5000 lbf. sensor were omitted from this study because the sensitivities were over 20 mV/lbf for a sensor with a
nominal sensitivity of 1 mV/lbf. Since the other 2 data sets were reasonable, they were retained. 1 of 64 data sets for a 10
lbf. were omitted because the sensitivity was 171 mV/lbf when the nominal is 500 mv/lbf.

The difficulty with using Normalized Error is assigning an Uncertainty percentage to the new calibration method. This is
primarily because there hasn’t been any data acquired for this method. The first attempt was to assume that the Uncertainty
percentage of the new method would be equivalent to PCB’s uncertainty for their hydraulic calibration method which is
stated at ±1%. When applying 1% to both Uncertainties the histogram shown in Fig. 11 with a range of –5 to 10 can be
plotted. Realizing that the Uncertainty for impact testing is typically stated at 5% the histogram was replotted and shown
in Fig. 12 with a more reasonable range of –1.58 to 2.94. Noting that there a positive bias in data, the question was raised
as to whether the mass of the reference accelerometer and force sensors included in the overall system mass. Realizing that
this wasn’t the case the nominal mass of the Force, Impedance Head and Reference accelerometer were included and the
sensitivities for each sensor were recalculated. The mass of each item in the system are listed in Table 2.
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Table 2 Masses

Mass (lbm) Mass (grams) Model
Pendulum 1.94 880.0 N/A
Force 0.050 22.7 208C
Impedance Head 0.042 19.2 TLD288
Accelerometer 0.023 10.5 353B04

Looking back at Table 1 we see have added the 2025 data to the 2024 data and presented the 2024 data for comparison.
For the 2024 data the force sensors in the 10 to 500 lbf range have the best average normalized error of −0.07, −0.20
and 0.82 respectively with the worst results for the 1000 and 5000 lbf sensors, of −1.58 and 1.31 respectively. This can be
partially explained by trying to impact these sensors that hardest, trying to introduce higher force and thus introducing more
human error in impacting perpendicular to the sensor and to the center of the sensor. The average of the absolute value of
normalized error gives similar result with 10 to 500 lbf force sensors ranging from 0.20 to 0.82. Again, the 1000 and 5000
lbf sensors have the worst average of the absolute value of normalized error of 1.65 and 1.31. Adding the 2025 data to the
2024 date we see that the 10 lbf sensors an excellent normalized error of −0.07 to −1.27, for the worst change. The 100 lbf
sensors went from −0.20 to −0.45 in normalized error, but not a significant difference. The 500 lbf sensor improved slightly
from −0.82 to −0.66. The 1000 lbf sensor also improved from −1.58 to −1.16. The 5000 lbf sensor improved the most
from 1.31 to 0.36 in normalized error. We see similar trends with the absolute value of the normalized error. Note that no
additional data was taken in 2025 for Impedance Head sensors.

Comparing the 2024 data sets with 66 samples (Fig. 13) with the combined 2024 and 2025 data sets of 457 samples
(Fig. 14) we see a normalized error still between −2 and 2. Most of the new data sets are falling between normalized errors
of between −1.5 and 0.5. If we remove the data from 2024 from Fig. 14 we produce a sample size of 391, shown in Fig. 15.
Here we accentuate the negative Bias in the data seeing no normalized errors above 0.5 in the new data. Since we introduced
a new DAQ and Software Figs. 16 and 17 make the comparison between the 257 MATLAB/DigiDAQ and TMS 961/NI
4461. Note the negative bias in the uncertainty is present in both, so the negative bias is not created by the introduction of
the new software and hardware combination.

Figures 18 through 20 group the data by operator. In 2024 Operator A performed all of the tests and Operator B and C
conducted the tests in 2025. It seems that Operator B is contributing more to the negative bias than Operator C that we see
2025 data. Operator A seems to have a more Gaussian-like distribution in their Normalized Error. Perhaps operator error is
the biggest cause of variation. An obvious error in not allowing the accelerometer to settle was show in the previous paper.

Figures 21 through 25 group the data by sensor model. These histograms display some of the most Gaussian-like distri-
butions suggesting that there be some dependency on the sensor models. The 10 lbf (Fig. 21) and 1000 lbf (Fig. 24) sensor
are the biggest contributors to the negative bias in the data. The 5000 lbf sensor (Fig. 25) has the most positive bias with the
largest positive outliers from the 2024 data.

Figure 26 shows the data from 2024 with Impedance Heads. We simply need to take more data for these sensors.

Fig. 11 Histogram with Uncertainty for both methods set to 1%
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Fig. 12 Histogram with New method uncertainty set to 5%

Table 3 gives a general overview of how force is affected as we harden the tip and increase mass of the hammer. As
expected, the harder the tip, the harder the force and heavier the hammer the more force is applied. For the hardest tip and
larger hammer with extender mass, we achieved a max measured force of 320.80 lbf, getting much closer to the full mass
range of the 500 lbf, Model 208C03 force sensor. While this was a “well selected” example, this was the general trend for
all the sensors involved in this study. It’s believed that a proper setup could be developed to optimize the force applied to
various model sensors. Perhaps optimizing a setup for a 5000 lb force sensor could be dialed back for lower capacity sensors
so as not to damage them and apply optimal force. Again a pendulum used for applying the force could be setup to swing at
different heights for different loads.

Fig. 13 Histogram with values adjusted for mass
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Fig. 14 2024 and 2025 Data, Sample Size 457

Fig. 15 2025 Data, Sample Size 391

Conclusions

The Impact Calibration Technique for Piezoelectric Force Sensors continues to show promise as a less expensive method to
calibrate sensors than what has traditionally been done with a force calibration rig. This method can also apply more force
that what can be accomplished with the gravimetric (drop) calibration method. The force applied via impact is also more
representative of how the sensor is used in actual testing than the static hydraulic method or gravimetric method.

Operator error and model type (force capacity) have shown been shown in the data as areas that introduce uncertainty.
Certainly, the setups at PTB and NIST where a pendulum is used to reduce operator error merit attention. Interestingly
enough an inexpensive setup with the DigiDAQ provides adequate data quality compared to the more expensive NI 4461,
with its only limitation being sample rate to accommodate the hard tip hammer.

The Impact Calibration Technique for Piezoelectric Force Sensor has shown that appropriate forces can be applied to
sensor under test (SUT) and can be controlled with various hammer tips, hammer size and addition of a mass extender. The
more massive the hammer and the harder the tip allows for larger forces to be applied to the sensor.

Future research should be done to reduce the uncertainty in the measurement and more data needs to be taken with more
sensors in the specific model range and sensor type.
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Fig. 16 MATLAB App, Sample Size 257

Fig. 17 TMS 9961 Application, Sample Size 200

Fig. 18 Sample Size 66
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Fig. 19 Sample Size 195

Fig. 20 Sample Size 196

Fig. 21



88 M. Mains et al.

Fig. 22

Fig. 23

Fig. 24
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Table 3 Tip and Hammer Effects on Force: 500 lbf sensor - 208C03

Hammer
Tip

Hammer
Model

Extender
Mass

Normalized
Error EN

Mean
Force

Min Force Max Force

red 086C03 No 0.038 8.82 4.58 12.69
red 086C03 Yes -0.121 12.93 6.42 17.09
red 086D05 No 0.177 14.76 4.08 28.07
red 086D05 Yes 0.137 17.81 3.24 27.79

black 086C03 No -0.181 15.39 7.65 21.54
black 086C03 Yes -0.339 25.02 21.32 32.02
black 086D05 No 0.058 25.92 6.01 36.14
black 086D05 Yes -0.062 20.80 1.02 38.13
blue 086C03 No -0.121 24.63 4.67 38.54
blue 086C03 Yes -0.161 35.45 14.97 46.00
blue 086D05 No -0.101 24.43 6.39 44.18
blue 086D05 Yes -0.081 44.00 13.07 61.08

white 086C03 No -0.379 97.10 64.41 135.70
white 086C03 Yes -0.399 97.04 65.09 119.75
white 086D05 No 0.177 125.38 35.04 174.96
white 086D05 Yes -0.220 146.53 61.26 188.90
steel 086C03 No -0.637 152.04 91.28 211.69
steel 086C03 Yes -0.399 199.78 115.44 274.35
steel 086D05 No -0.200 212.74 120.15 290.87
steel 086D05 Yes -0.181 249.96 145.48 320.80



Chapter 7Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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USB Connectivity for Harnessing High-Quality Digital Sensor
Data

Marco A. Peres, Tom Clary, and Mike Mains

Abstract In recent years, an increasing number of digital sensors and signal conditioner devices have adopted the USB Au-
dio format [1] as their core communication protocol. The USB device naming introduces a novel method for retrieving sensor
calibration making it easier to identify devices, scale, and acquire accurate sensor data. Software applications across various
platforms can be optimized for seamless communication with these digital sensor products, eliminating the need for propri-
etary drivers as the USB audio protocol is either native or readily available on all popular operating systems such as Windows,
Linux, macOS, Android, and iOS. Last but not least, the USB device name is readily available in all these applications while
other USB parameters can be more complicated to access. While there are multiple possible technological implementations
to accomplish digital sensing, the USB connectivity is unique on its natural plug-and-play capabilities facilitating the inter-
face with the sensors while revolutionizing the way in which data is captured, calibrated, shared, and utilized across multiple
platforms.

Keywords Digiducer · SmartSensors · Calibration · USB · DigiDAQ

Historical Context: TEDS and IEEE 1451.4

To appreciate the current landscape of digital sensors, a brief examination of Transducer Electronic Data Sheets (TEDS) as
per IEEE 1451.4 is warranted. Two decades ago TEDS provided the first framework for storing sensor data in a standardized
format, allowing data acquisition systems to automatically retrieve sensor model number, serial number, and calibration
information. This groundwork laid the path and inspiration for the most recent generation of digital products featuring
embedded calibration information.

The USB Audio Format and its Impact

Digital sensing products such as the 333D01 DigiducerTM and the 485B39 DigiDAQTM embody the principles of USB
audio technology by embedding sensor calibration within the device name. These products utilize digital counts as the
output unit that provides 24-bit high-resolution for data samples consistent with the sensor output.
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The following figure illustrates conceptually how the digital accelerometer sensitivity is defined:
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INTRODUCTION 
In recent years, an increasing number of digital sensors and signal conditioner devices have adopted the USB Audio format [1] 
as their core communication protocol. The USB device naming introduces a novel method for retrieving sensor calibration 
making it easier to identify devices, scale, and acquire accurate sensor data. Software applications across various platforms 
can be optimized for seamless communication with these digital sensor products, eliminating the need for proprietary drivers 
as the USB audio protocol is either native or readily available on all popular operating systems such as Windows, Linux, 
macOS, Android, and iOS. Last but not least, the USB device name is readily available in all these applications while other 
USB parameters can be more complicated to access. While there are multiple possible technological implementations to 
accomplish digital sensing, the USB connectivity is unique on its natural plug-and-play capabilities facilitating the interface 
with the sensors while revolutionizing the way in which data is captured, calibrated, shared, and utilized across multiple 
platforms. 
Keywords:  Digiducer, SmartSensors, Calibration, USB, DigiDAQ 

HISTORICAL CONTEXT: TEDS AND IEEE 1451.4 
To appreciate the current landscape of digital sensors, a brief examination of Transducer Electronic Data Sheets (TEDS) as 
per IEEE 1451.4 is warranted. Two decades ago TEDS provided the first framework for storing sensor data in a standardized 
format, allowing data acquisition systems to automatically retrieve sensor model number, serial number, and calibration 
information. This groundwork laid the path and inspiration for the most recent generation of digital products featuring 
embedded calibration information. 

THE USB AUDIO FORMAT AND ITS IMPACT 
Digital sensing products such as the 333D01 Digiducer™ and the 485B39 DigiDAQ™ embody the principles of USB audio 
technology by embedding sensor calibration within the device name. These products utilize digital counts as the output unit 
that provides 24-bit high-resolution for data samples consistent with the sensor output. 
The following figure illustrates conceptually how the digital accelerometer sensitivity is defined: 

 

Figure 1: Digital Accelerometer Sensitivity Fig. 1 Digital Accelerometer Sensitivity

The sensitivity information for the original model 333D01 Digiducer, for example, can be retrieved by simply decoding
the data embedded in its device name. During calibration of the sensor, the sensitivity information is programmed into the
name field of the USB descriptor. Specifically, for digital accelerometer products (Version 1 Format), the device name field
format is:

MMMMMMs1NNNNNNAAAAABBBBBYYMMDD

Where:

• MMMMMM is 6 digit model number (333D01, 633A01, 333D04, . . . )
• s is space
• 1 is single character format definition. This indicates an accelerometer is being defined
• NNNNNN is 6 digit serial number
• AAAAA is 5 digit sensitivity value in counts / (m/s2) for channel A
• BBBBB is 5 digit sensitivity value counts / (m/s2) for channel B
• YY is the last two digits of the year (00-99) with actual year being 20YY.
• MM is the month number (1-12).
• DD is the day (1-31)

Essentially, software applications can access this information and use it to scale the acquired data into calibrated engi-
neering units for display and analysis.

The 485B39 DigiDAQ on the other hand converts ICP® (or IEPE) sensor signals from voltage to digital samples. Instead
of being limited to only a single axis of acceleration data, the digital signal conditioners interfaces to the wide family of
ICP sensors. Sensor types include piezoelectric accelerometers, force, microphone, and tachometer sensors. The device
has 2 channels of phase coherent data. The implementation and processing are similar to the digital accelerometers. The
applicable units are, in this case, Digital Counts / Vpeak, instead of Digital Counts / m/s2. The 485B39 can serve as the
digital interface for a large range of dynamic sensors offering high-quality dynamic data for a variety of applications. It
should be noted that the DigiDAQ only has calibration to volts. The sensitivity for the sensor connected to the DigiDAQ
needs to be known and used to scale from volts to engineering units. A Version 2 Format (Voltage) is defined and used by
the digital signal conditioner products [2].
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The sensitivity information for the original model 333D01 Digiducer, for example, can be retrieved by simply decoding the 
data embedded in its device name. During calibration of the sensor, the sensitivity information is programmed into the name 
field of the USB descriptor.  Specifically, for digital accelerometer products (Version 1 Format), the device name field format 
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MMMMMMs1NNNNNNAAAAABBBBBYYMMDD 

Where: 
 MMMMMM is 6 digit model number (333D01, 633A01, 333D04, …) 
 s is space 
 1 is single character format definition. This indicates an accelerometer is being defined 
 NNNNNN is 6 digit serial number 
 AAAAA is 5 digit sensitivity value in counts / (m/s2) for channel A 
 BBBBB is 5 digit sensitivity value counts / (m/s2) for channel B 
 YY is the last two digits of the year (00-99) with actual year being 20YY. 
 MM is the month number (1-12). 
 DD is the day (1-31) 

 
Figure 2: a USB Digital Accelerometer shows up as an Audio Input Device under Microsoft Windows Device Manager 
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noted that the DigiDAQ only has calibration to volts.  The sensitivity for the sensor connected to the DigiDAQ needs to be 
known and used to scale from volts to engineering units. A Version 2 Format (Voltage) is defined and used by the digital 
signal conditioner products [2]. 

Fig. 2 A USB Digital Accelerometer shows up as an Audio Input Device under Microsoft Windows Device Manager

Conversion to Acceleration

The table below has typical conversions from digital sensitivity to the acceleration in g’s:

From Factor Decimal To

Integer Sample -223

to (223-1)

1

sensitivity

counts
m

s2

 ∗ 9.80665

 m

s2

g


0.10197

sensitivity
g

Normalized-1.0 to
1.0MATLAB, M+P
Smart Office

223
(

counts

signed full scale

)

sensitivity

counts
m

s2

 ∗ 9.80665

 m

s2

g


855400

sensitivity
g

There are similar formulas to convert digital counts to volts for the digital signal conditioner [2].

Implementation and Practical Considerations

In implementing USB-connected digital sensors, developers must consider several factors, including phase synchronization
and signal conditioning. The 485B39 DigiDAQ, for instance, is designed to minimize phase mismatch, making it suitable
for applications where channel synchronization is critical. Unfortunately, getting consistent phase response between multiple
USB devices remains a challenge.
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Power consumption is another critical requirement when operating with mobile devices such as phones and tablets. It is
important to keep the current and the power consumption under 100mA at 5V while working with Apple mobile devices.
The low power and compact design implementation of the Digiducer and the DigiDAQ devices makes it compatible with the
power requirements of all portable Apple iOS and Android based products in the market today.

This new class of digital products drastically reduces the implementation effort for enabling customer solutions. It is easy
for existing application developers to add support, or for customers to use their programming environment and language of
choice to develop their own custom applications.

Conclusion

The integration of USB Audio format connectivity in digital sensors offers a remarkable transformation in acquiring high-
quality sensor data. These advancements provide robust, scalable, portable, and straightforward solutions for data collection,
ensuring seamless integration across diverse operating systems. As technology progresses, digital implementations like the
333D01 Digiducer and 485B39 DigiDAQ underscores the ongoing journey towards simplicity and precision in sensor tech-
nology. The future undoubtedly holds further innovations in this realm, promising to refine how sensors are utilized in various
applications.
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Chapter 8Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Investigation of Experimental Modal Substructuring for
Constrained Modal Testing of Aerospace Structures

Adam Johnson and Ivan Kurakin

Abstract With the rapid expansion of the commercial aerospace industry, there is an increased need for more efficient and
cost-effective approaches for component modal testing. Modal testing is typically used to reduce uncertainty in finite element
model (FEM) predictions, proving to be a useful risk reduction tool in many programs whether it’s a satellite preparing for
a vibration qualification test or characterization of component structural dynamics for use in control loop simulation. De-
spite this, modal testing is often not a part of the workflow for smaller programs due to budgetary and schedule constraints.
Relative to “free-free” tests, constrained modal testing poses significant challenges implementing a boundary condition that
reveals accurate constrained modes for the unit under test (UUT). However, empirical substructuring methods exist for cor-
recting an imperfectly constrained boundary condition in post processing of test data. These methods can be used to reduce
the requirements on a test fixture, leading to shorter set-up times and higher confidence in the test results. However, many
of these methods are very sensitive to measurement error and can involve logistical challenges. The authors of this report
previously performed a study that identified experimental modal substructuring (EMS) to be a strong candidate for reducing
boundary effects during a constrained modal test subject to practical budgetary and schedule constraints. This method is
primarily selected due to its ease of implementation into an existing modal test plan. This paper represents a follow-on study
whose focus is to better understand the reliability of using modal substructuring constraints (MSCs) to calculate constrained
mode frequencies and identify post-processing techniques that improve confidence in the corrections. Since this study is
focused on revealing the efficacy of MSCs under a typical modal test plan, no special accommodations are made to an oth-
erwise typical modal test procedure outside of adding a few additional triaxial accelerometers to the fixture. The impacts of
various UUT configurations & boundary conditions are studied. Corrected results are compared to a “truth” reference based
on the same test articles grounded to a seismic table. In general, the use of MSCs is found to be highly effective at reducing
the boundary effects for a constrained modal test. However, the approach is most beneficial for tests where a larger correction
is needed. This study shows that test set-ups requiring finer corrections <5% may require a test plan that emphasizes en-
hanced measurement sensitivity and tighter requirements on test fixturing beyond the scope of this study. Finally, a workflow
is proposed as to how substructuring uncertainty margins can be used to make decisions during a modal test campaign for
FEM correlation.

Keywords Experimental Modal Substructuring (EMS) · Experimental Modal Analysis (EMA) · FEM Correlation · Modal
Testing · Spacecraft Testing

Introduction

Constrained modal testing is often desired for improving the accuracy of FEA models such that accurate predictions of a
structure’s dynamics can be made. In the aerospace industry, some practical examples include:

1. Component level modal testing before integration into spacecraft or launch vehicle
2. Spacecraft modal screening ahead of a high-risk vibration test
3. Modal test of large appendage, such as solar array, for the purposes of guidance navigation and control (GNC) simu-

lations
4. Aircraft component testing prior to integration (wing, blade, rotor, etc.)
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The largest challenge in constrained modal testing is properly controlling or quantifying the boundary condition. Vari-
ous approaches exist to attempt to isolate the dynamics of the unit under test (UUT) from the fixturing to ensure accurate
correlation of key properties in a FEM. However, all these approaches have their own associated uncertainties resulting in
varying levels of sensitivity to detect relevant modeling errors in the FEM. The most common approach is to incorporate the
fixturing structure into the FEM and include its properties in the model correlation. However, in doing this, the complexity
of the model increases and a large part of the correlation often depends on the fixture properties and interface to the UUT,
reducing the test’s sensitivity to modeling errors within the UUT itself. Another approach is to perform a “free-free” test
where the UUT is suspended by comparatively “soft” cables. This approach has a similar draw-back in that most of the
modal strain energy is concentrated in joints or parts of the UUT that have little relevance to the constrained modes [2].
Recently, a family of substructuring approaches have been used to remove the effects of a flexible boundary or fixture in
post-processing. These approaches fall into two primary categories: frequency domain substructuring and modal substruc-
turing. All these approaches have robust mathematical frameworks allowing them to function well on idealized datasets. In
practice, however, many of these approaches are highly sensitive to measurement error or require numerous drive points
resulting in increased test scope. The authors of this report previously identified EMS as strong candidate for extensive and
practical applications in the industry based on its ease of implementation into an existing test plan. This approach utilizes
a synthesized modal parameter model reducing its sensitivity to measurement error and requires nothing more than a few
additional accelerometers to measure the dynamic response of the fixture. However, preliminary findings published by the
authors [2] show that the applied MSCs do not always reveal the correct constrained modes in practice. The motivation of
this study is to quantify the uncertainty in predicted constrained modal frequencies when using MSCs and propose ways to
improve confidence in the constrained modes. A MATLAB algorithm is developed to reduce some of the impacts of mea-
surement noise on the results. It is important to note that this study applies typical modal test best practices to UUTs mounted
to non-ideal boundary conditions. No special modifications are made to the modal test setup to minimize or optimize the
error. This is done to reflect common industry applications of the approach in which budgetary or schedule constraints are
present. In some industry applications, the need for boundary correction is not realized until after a test is complete.

Background

EMS is a substructuring technique that leverages modal parameters extracted during a modal test to build and modify a
modal model. In the case of constrained modal testing, we are often interested in applying a constraint to the developed
modal parameter model to remove the influence of the fixture on the UUT’s modal response. In this study, this is referred to
as a MSC. To do this, a simple requirement must be added to the scope of the modal test: the instrumentation set must include
a set of accelerometers on the fixture itself that reveal the motion of the fixture that is to be constrained. The modal parameters
that are extracted from the test include natural frequencies (ωn) , modal damping fractions (ζ), and unity-mass-normalized
modes shapes (ϕ) of the UUT and the fixture. These parameters can be derived in various ways but are most commonly
derived by performing EMA transfer function curve fitting techniques. Ultimately, a modal model must be derived that
consist of “N” normal modes that approximate the measured system drive point transfer functions using the form shown in
Eq. (1). An example curve fit is shown in Fig. 1.

Y k(ω)

f j(ω)
=

N∑
n=1

ϕj,nϕk,n

ω2
n − ω2 + 2ζωniω

(1)

Once the modal parameters are extracted, a transformation matrix must be found and applied to the modal model that
satisfies a compatibility condition as explained in [1]. As outlined by Allen and Mayes [3, 5], this is done by finding a matrix,
B, that spans the null space of a set of physical equations transformed to modal coordinates. In practice, this can be done
using various approaches, however in this study, B is found in the null space of a set of constraint shapes transformed to
modal coordinates as shown in Eq. (2). The constraint shapes, Uc, are a set of orthogonal motions that describe the unique
motions of the fixture calculated from a singular value decomposition of the extracted mode shapes at the fixture degrees
of freedom [3]. The transformation matrix B can then be applied to the modal parameters as shown in Eq. (3) and Eq. (4).
Note that the matrices M and K in these equations represent the modal mass and modal stiffness matrices such that M is
unity and K is a diagonal matrix with entries of ω2

n. To find the constrained modal parameters, an eigenvalue decomposition
is performed on the transformed K and M matrices as in Eq. (5). The constrained modal frequencies are found directly from
this eigenvalue decomposition, and the constrained mode shapes are found as shown in Eq. (6).
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Fig. 1 Example Fit of Drive Point Transfer Function Using Normal Modes

B = ∅(UT
c ϕ) (2)

Mc = BTMB (3)

Kc = BTKB (4)

ω2
c , ϕ̂c = eig(Kc,Mc) (5)

ϕc = ϕBϕ̂c (6)

In the ideal case, this approach achieves zero motion at the constraint points and a well-formed constrained mode shape.
However, in practice, various types of measurement error accumulate to make the method imperfect. An example of this
can be seen by constraining the first bending mode of an idealized FEA model of one of the test items examined in this
study. In this example, an FEA model of a UUT 3 (later described and shown in Fig. 5a) is joined to a constrained flexible
plate such that the interface is allowed to move. A Guyan Static Reduction followed by an Eigenvalue Decomposition is
performed to achieve a mass normalized modal model at a set of response locations for mode shape visualization. The flexible
interface response (before correction) can be seen in Fig. 2. Note the presence of unwanted motion at the base interface
(Fig. 2a). Figure 3 shows the results of applying a MSC to twelve degrees of freedom (DOFs) at the fixture interface (three
directions at four locations). The response of the first bending mode is then fully corrected and matches what we expect in
the ideally constrained structure overlaid in red (18-bolt ring fully constrained). Adding additional constraint points would
improve agreement at higher frequencies, but this example is focusing only on 1st bending. Figure 4 demonstrates that
adding measurement noise to the mode shapes and truncating the number of retained modes corrupts the process resulting
in a constrained mode frequency that is considerably higher than the true frequency as well as an irregular appearing mode
shape. In a real test scenario, similar behavior is observed when applying MSCs. Because of this error accumulation, care
must be taken in selecting the minimum number of measurement degrees of freedom that need to be constrained for the
modes of interest. Further, it can be advantageous to add constraint shapes one at a time to determine if any of the shapes are
creating spurious solutions. However, even when exercising these cautions, a considerable amount of uncertainty can remain
in the true constrained mode frequency. Because of this, one of the primary objectives of this study is to quantify uncertainty
as it manifests in practical scenarios when applying MSCs to constrained tests.
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Fig. 2 – FEA Lateral Bending Response with Flexible Fixture Interface Motion (Before Correction) 
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Fig. 3 – Idealized Correction of 1st Bending Mode of FEA Model 
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Fig. 4 – 1st Bending Mode Correction of FEA Model with Gaussian Noise and Truncated Modal Model  
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Fig. 3 Idealized Correction of 1st Bending Mode of FEA Model
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Fig. 4 – 1st Bending Mode Correction of FEA Model with Gaussian Noise and Truncated Modal Model  

Fig. 4 1st Bending Mode Correction of FEA Model with Gaussian Noise and Truncated Modal Model
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Test Setup

The authors of this study developed four UUTs with various boundary conditions resulting in eight distinct modal tests
summarized in Table 1. For each test, the constrained mode frequency is estimated based on the algorithm discussed in
the previous section. The calculated frequencies are compared to a “truth” reference to assess the resulting accuracy. The
“truth” reference is based on the observed structural responses when the UUTs are clamped to a seismic table. For this study,
no corrections are performed on the data received from the UUTs mounted to the seismic table, but it is expected that its
efficacy as a “truth” reference below 200Hz is appropriate. For this reason, this study focuses on extracting constrained first
bending modes in each axis of the UUTs. This provides fifteen samples of “primary modes” for comparison with the “truth”
reference since one of the test items only has pronounced bending modes in a single axis. Some “Secondary Modes” (second
bending and axial modes) were also processed during this study, but it was expected that the estimates of their constrained
frequencies are significantly more erroneous.

Table 1 Executed Test Matrix

Test Number DUT Boundary Condition
1 Small Sat 1 1” Vibe Plate on Floor
2 Small Sat 2 1” Vibe Plate on Floor
3 Small Sat 3 1” Vibe Plate on Floor
4 Small Sat 1 Heavy Vibe Fixture on Springs
5 Small Sat 2 Heavy Vibe Fixture on Springs
6 Small Sat 3 Heavy Vibe Fixture on Springs
7 Small Sat 1 Heavy Vibe Fixture on Floor
8 Composite Blade Steel Fixture with Elastomeric Element

UUTs 1-3 are various mass configurations of a small satellite dynamic simulator with adjustable ballast as shown in
Fig. 5a. This test item is intended to identify logistical and technical challenges of performing constrained tests of smaller
satellites. For this reason, a realistic separation ring simulator is incorporated into the design. The inclusion of a separation
ring, is easily instrumented for EMS. However, for many frequency domain substructuring approaches, drive points would
need to be measured in the narrow clearance of the separation ring which is found to be impractical. Additionally, the first
three resonant modes and the CG of the satellite simulator are tuned to match a typical small satellite of that size. UUT 4 is
a light composite blade clamped to a steel fixture, shown in Fig. 5b. This test item is chosen to add variance to the dataset
and demonstrate an additional application for constrained modal testing such as identifying appropriate FEA properties for
custom materials on aerospace components.
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UUTs 1-3 are tested on two different flexible boundary conditions. The first, is bolted to a 1” plate that is resting on
an uneven cement floor. This creates a quasi-linear flexible response of the plate boundary since the ground does not fully
support the bottom of the plate. The second boundary condition for these test items is a 3” vibe fixture which rests on
compression springs. This is selected to provide a repeatable linear boundary condition that is more controlled than the first.
This boundary condition, with its springs, poses a challenge for the correction algorithm because it creates a nearly free-free
response of the test item, but with rigid body modes within the measurable frequency range. A third boundary condition is
tested on UUT1 where the 3” vibe fixture is placed directly on the uneven cement floor. UUT 4 is tested on a steel fixture on
elastomeric elements.

Analytical Procedure

An analytical procedure is developed to reduce the influence of measurement noise on the resulting constrained frequencies.
As discussed, when measurement noise is present, the extracted modal parameters and constraint shapes have inherent small
errors. In these real scenarios, leveraging all the constraint shapes almost always results in an over-constrained response
because of the inevitably imperfect orthogonalization of the mode shapes. In general, if the constraint shapes are removed
one by one, at some point a “best estimate” of the constrained mode is found. Further, it was found in [2] that seemingly
equivalent sets of constraint points result in slightly different solutions. The authors previously proposed in [2] that a proxy
for accuracy of each result can be calculated by comparing the resulting shapes to an analytical or expected shape using modal
assurance criterion (MAC) or cross orthogonality. If numerous perturbations of the constraint set are run in a sensitivity
study, a repeatable constrained mode that matches the expected shape can indicate a “best estimate” solution. This procedure
assumes that the influences of perturbations to the constraint during the sensitivity study are substantially larger than the true
discrepancies between the expected and actual structural mode shape.

A MATLAB user interface is developed to implement this approach in an automated fashion. The primary motivation
for the MATLAB tool is to prevent the user from selecting over-constrained solutions like that shown in Fig. 4 or solutions
with insufficient constraint. The tool leverages a sensitivity-stabilization style approach by calculating all possible combina-
tions of constraint points and constraint shapes and highlighting the calculated poles the match the expected analytical shape
within a specified MAC tolerance. This approach toward exploring the solution space reveals repeatable solutions to the user
to establishing a higher level of confidence in the selected solution. An example of this approach applied to real test data is
shown in Fig. 6 applied to a test number four. In this case, the algorithm reveals a well-formed first bending shape is observ-
able at the indicated frequency. The dotted blue line indicates the original test measurement of the modal response which is
significantly softer than the “truth” reference shown in red. When the synthesized constrained modal model (blue solid line)
is compared to the “truth” reference, it is found that the general shape of the frequency response function matches reasonably
well, and the primary bending mode response frequency has an error of 4.5% compared against the “truth” reference.

Results

The procedure described in the previous section is repeated for all tests and all primary modes. Additionally, an attempt is
made to extract the higher frequency “secondary” modes. The example shown in Fig. 6 is chosen as a representative example
for two reasons: first, it reveals a level of error close to the average of all cases; second, it shows the power of MSCs to make
extremely large corrections to a set of modal measurements. Test four places the UUT in a nearly free-free condition, with
the first rigid body mode near 3Hz. Given this large dissimilarity from a constrained state, the algorithm is still able to resolve
an approximate constrained response.

Figure 7 summarizes the accuracy of MSCs at resolving all primary mode frequencies. The grey data on the plot shows
pre-correction results and the blue data shows the results after applying MSCs and estimating the constrained frequencies
according to the process outlined above. On average, the mode frequencies are corrected to within 5% of the respective
“truth” references and most cases fell within 8% (P80). Figure 8 examines the results from an uncertainty reduction per-
spective. It compares the needed improvement for each measured mode frequency to the amount of improvement that was
actualized when the MSCs are applied. A key takeaway from this visualization is that applying an MSC to modal test results
improves the estimate of the constrained frequency in almost all scenarios – even for secondary modes. Ideally, the data
in Fig. 8 would follow a perfect 1:1 line that intersects zero (i.e. needed correction is perfectly achieved). However, the
fit to the primary mode correction data shows an expected deviation from that ideal. This study finds that using MSCs to
make corrections to modes that are already within 8% provides reduced benefit, but still improves results in most cases.
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Fig. 6 MATLAB User Interface Results for UUT1 on Test 4, X Axis Drive Point Transfer Function

Fig. 7 Effect of Modal Substructure Constraints on Primary Modes Compared to Truth Reference
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Further, making finer adjustments <5% may increase risk of “over-correcting” and incorporating more error into results
(observed in only one out of thirty instances). It is important to note that in all cases MSCs improve the overall shape of
the frequency response functions revealing the nature of the interaction with the test fixture (e.g. which response peaks are
driven by fixture vs the UUTs natural response).

Fig. 8 Actualized Improvement vs Required Correction (%Relative to Truth Frequencies) when MSC’s were Applied to
Test Results

Conclusion

This study investigates the efficacy of MSCs for removing flexible boundary effects during constrained modal tests of realistic
aerospace structures. Four test items are investigated under various boundary conditions. This study finds that MSCs are a
powerful tool for reducing risk and uncertainty during a constrained modal test with little additional expense or technical
scope. They offer a practical solution when cost, schedule, or logistics limit the efficacy of a constrained boundary, making
modal testing accessible to many programs that previously did not utilize it. In this study, MSCs prove capable of making
significant corrections to experimentally measured modal parameters, substantially reducing the influence of an unwanted
flexible fixture or boundary. However, the application of MSCs is most beneficial when large corrections are needed to
primary modes >8% (P80). Further, the observed trends indicate that smaller, fine-tuning adjustments <5% may not add
substantial value without special attention to fixture properties or measurement accuracy that fall beyond the scope of this
study. A practical interpretation of these error margins is offered in Fig. 9. In this process, a modal test campaign must
select a threshold “X%”. If the discrepancy between a corrected test mode and FEM mode is greater than that threshold,
an adjustment to the FEM is likely to benefit the value of the FEM predictions after a model update is made. This study
preliminarily determines that an appropriate value for that threshold lies between 5% and 8%. Using a value lower than
5% will often result in unneeded corrections; using a value higher than 8% will often miss needed corrections. Further
research should be continued to investigate ways of reducing these error margins as well as comparing the efficacy of modal
substructuring constraints to other leading approaches in a similar light.
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Fig. 9 Decision tree describing practical implementation of modal substructure constraints in a modal test for purposes of
FEM updating
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