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ABSTRACT: There is increasing interest by the naval engineering community in permanent monitoring systems 
that can monitor the structural behavior of ships during their operation at sea.  Hull monitoring systems offer 
opportunities to better understand the performance of hulls during extreme sea states.  Additional functionality 
envisioned for future systems includes automated health monitoring of the ship.  In this study, a hull monitoring 
system assembled from wireless sensors is proposed for high-performance ships. Wireless sensors provide a 
low-cost platform for the collection of structural response data.  In a military setting, wireless sensor networks can 
provide advantages over their cable-based counterparts in the form of cost, adaptability, redundancy, and weight 
savings.  In this study, a 28-channel wireless sensor network is deployed on a high-speed littoral combat vessel.  
The FSF-1 SeaFighter provides an ideal platform for a proof-of-concept study since the ship has been previously 
instrumented with a dense network of cabled sensors.  The wireless sensors are used to compile acceleration 
and strain data and to compute modal properties of the vessel.   
 

TABLE OF NOMENCLATURE: 

 Power spectral density of system output  

 Frequency response function 

 Power spectral density of system input 

 Matrix of estimated power spectral density values at frequency  

 Array of fast Fourier transform values from outputs at frequency  

 Unitary matrix holding singular vectors at frequency  
 Diagonal matrix of singular values at frequency  

 Estimated mode shape at frequency  
 
 

SOURCE: Proceedings of the International Modal Analysis Conference (IMAC XXVII), Orlando, Florida, February 9-12, 2009. 



1. INTRODUCTION 

The U.S. Navy is exploring novel ship designs optimally suited for future naval operations.  For example, the joint 
high-speed vessel (JHSV) program is focused on the design high-speed littoral ships constructed from non-
traditional materials (i.e., materials other than steel) such as aluminum alloys [1].  In addition to the use of new 
materials, many of the vessels under investigation in the JHSV acquisition program employ non-conventional hull 
forms; multi-hull catamarans are particularly attractive. The use of lightweight aluminum and multi-hull forms 
provide the ship with both speed and maneuverability. However, multi-hull aluminum ships also provide a number 
of design challenges to the naval engineering community.   Higher incidences of fatigue cracking, stress-corrosion 
cracking from sensitization at high operational temperatures, and hull exposure to more demanding seaway loads 
due to high-speed operation are all challenges envisioned for operational high-speed aluminum vessels [2].  
Furthermore, given the unique design of these ships, there is a higher probability that crews will operate them 
near, or even beyond, their safe operating envelops due to the loss of “feel” for the vessel’s response to loads [3].   

To better understand the structural response of high-speed aluminum vessels to seaway loads, hull monitoring 
systems can be adopted. Hull monitoring systems consists of foil strain gauges, accelerometers, gyroscopes, 
among other sensor types, installed throughout a vessel to measure hull strain and ship motion.  Crews provided 
with real-time structural response data can pilot the ship in a manner so as to minimize overloading during 
extreme seaway conditions [3].   Commercial hull monitoring systems consisting of a handful of sensors can cost, 
on average, $50,000 per system [4].  A large fraction of the system cost is associated with the installation of 
extensive lengths of coaxial wiring to route sensor data to the ship’s central processing unit where data is 
analyzed and forwarded to the bridge.  For aluminum ships, the costs affiliated with the installation of hull 
monitoring systems grows even higher since such ships have thicker insulation layers to protect the aluminum hull 
from softening during fire [5]. 

In this study, wireless sensors are explored for use within a hull monitoring system.  Wireless sensors have 
emerged in recent years as a low-cost alternative to tethered sensors [6].  Their use is especially attractive for 
structures with large dimensions or with difficult to access spaces.  In this study, a wireless hull monitoring system 
is designed to measure the strain and acceleration response of a high-speed aluminum vessel undergoing 
seakeeping trials.  The FSF-1 SeaFighter (Figure 1a) is an experimental high-speed littoral vessel designed with a 
wave-piercing catamaran aluminum hull.  To demonstrate the efficacy of wireless sensing in the marine 
environment, wireless sensors are installed throughout the SeaFighter to monitor its hull response during a one-
month transit from Panama City, Florida to Portland, Oregon.  As part of the study, a comparison between data 
signals recorded by the wireless sensors and those recorded by a permanent tethered hull monitoring system is 
made to assess the accuracy of the wireless sensors in a marine environment and under high speed operational 
conditions.  Finally, acceleration hull response data collected from the wireless monitoring system is used to 
perform a modal analysis of the ship. 

2. HULL MONITORING SYSTEMS 

2.1 Wired Hull Monitoring System 

The SeaFighter has a permanent hull monitoring system that was used and validated during previous seakeeping 
measurement campaigns [7].  The monitoring system is termed the Scientific Payload Data Acquisition System 
(SPDAS) which was installed during construction of the vessel.  SPDAS consists of a data server located on a 
lower deck of the ship connected to the ship’s fiber-optic TCP/IP network.  Upon the same network are data 
nodes termed “bricks”.  Sensors are attached to the bricks for power, signal conditioning, and data digitization.  
After digitizing sensor data, the bricks convert measurement data into a standard data format (based on XML) 
before forwarding it to the server.  Data archived in the server is also transmitted to monitoring stations running 
LabVIEW to provide users with real-time ship response parameters relevant to seakeeping and conditional 
monitoring.   

A variety of sensors are installed in the SeaFighter for hull monitoring including accelerometers for 6-degree of 
freedom ship motion measurements, over 100 metal foil strain gauges, and a TSK measurement system installed 
on the bow to measure wave heights.  The sensors installed permanently on the SeaFighter are connected to 
bricks located throughout the ship.  In this study, a few gauges are selected for data collection by both the 
tethered SPDAS hull monitoring system and the wireless hull monitoring system; redundant data collection from 



the same set of gauges allows for a direct comparison between the data collected by the two independent hull 
monitoring systems.        

2.2 Wireless Hull Monitoring System 

The Narada wireless sensor platform (Figure 2a) is utilized as the building block of the proposed wireless hull 
monitoring system.  Narada wireless sensors were developed at the University of Michigan as a flexible, low-
power solution for monitoring applications requiring relatively low sampling frequencies (less than 1 kHz).  The 
computational core of the Narada sensor is the 8-bit Atmel ATmega128 microprocessor in which a custom 
operating system and a library of engineering application software (collectively termed firmware) have been 
embedded.  The ATmega128 has 128 kB of flash memory and 4 kB of SRAM.  An additional 128 kB of external 
SRAM is added to enhance the sensor’s embedded computational and data storage performance.  The Narada 
unit interacts with the physical world through its sensing and actuation interfaces.  The sensing interface consists 
of a Texas Instruments ADS8341 4-channel, 16-bit analog to digital converter (ADC) with an analog input range of 
0 to 5 V.  The communications interface provides a flexible communication link between sensors.  It consists of a 
Chipcon (Texas Instruments) CC2420 IEEE802.15.4 wireless transceiver designed for use in ad-hoc wireless 
networks. 

 
(a)                                                                          (b) 

 
(c) 

 

Figure 1.  FSF-1 SeaFighter: (a) docked in the Port of San Francisco; (b) picture of the interior mission bay; (c) 
plan view of the ship’s main deck with a detailed summary of the sensor installation strategy. 



The wireless sensors are installed throughout the SeaFighter’s mission bay (Figure 1b) which is a large, enclosed 
space upon the main deck of the ship.  The mission bay was designed to accommodate facilities and equipment 
for a wide variety of ship missions.  As such, the bay has an open floor plan that can accommodate up to 12 
modular mission support units (essentially, shipping containers) affixed to the hull.  The mission bay is enclosed 
on all sides thereby protecting both equipment and the crew from direct contact with the sea environment.  To 
ensure that the wireless sensors are further protected from the effects of moisture, humidity, and crew activity, 
they are installed using water-proof enclosures (Figure 2b).  The actual sensing transducers (e.g., 
accelerometers, strain gauges), by necessity, are affixed directly to the ship’s structure outside of the enclosure.  
Short cables used to connect transducers to the wireless sensors’ sensing interfaces are passed through the 
enclosure via water-tight glands.  The wireless sensors are also powered using traditional AC power outlets 
located throughout the mission bay; power cables are passed into the enclosure using the same glands as those 
used for the sensor cables.   

A network of 20 wireless sensors is installed in the mission bay to record a total of 28 channels of hull response 
data (Figure 1c).  Two types of transducers are installed to measure the hull: metal foil strain gauges and 
accelerometers.  In total, 8 channels of the wireless hull monitoring system are dedicated to strain measurements 
while the remaining 20 channels record the acceleration response of the hull.  Four Narada wireless sensors 
(units 17-20 in Figure 1c) are dedicated to collecting a total of 8 channels (2 channels per unit) of strain.  The 
strain gauges are located on frame 20 (the extreme aft end of the Mission Bay denoted in Figure 1c) at the curved 
haunch inside of the starboard catamaran.  Six of the gauges are installed in rosette patterns (lateral, longitudinal, 
and 45 degrees) to measure plane strain on the shell and web of the frame.  The remaining two sensors measure 
prying stresses overhead at the center of the frame.  The location of the strain gauges is denoted in Figure 3.  
These 8 strain gauges are connected to a Wheatstone bridge circuit in Brick 19 (Figure 1c) to convert resistance 
changes into voltages.  It is at Brick 19 where the signal line is split; one line is connected to the brick’s data 

 
(a)                                                              (b) 

 

Figure 2. (a) Narada wireless sensor platform from which a wireless hull monitoring system is designed; (b) 
packaged Narada wireless unit installed on the ship hull. 

 
Figure 3.  Frame 20 of the SeaFighter with strain gauge locations identified. 



acquisition sub-system (signal conditioning and digitization circuitry) while the other is connected to the sensing 
interfaces of the Narada wireless sensors.  Prior to interfacing to Narada, a simple 4th-order Butterworth low-pass 
filter is used to de-noise each of the strain gauge outputs.     

Narada wireless sensors (units 1 through 16) are installed in the mission bay to measure hull accelerations as 
shown in Figure 1c.  Two types of accelerometers are selected for installation.  First, two tri-axial accelerometers 
are installed along the center line of the ship with one of these tri-axial accelerometers installed on the ship’s 
center of gravity (unit 5).  The tri-axial accelerometer selected is the Crossbow CXL02TG3 which has a low noise 
floor (0.6 mg rms), high sensitivity (833 mV/g) and ample dynamic range (± 2g).  In addition to the two tri-axial 
accelerometers are 14 uni-axial accelerometers installed to measure the vertical response of the mission bay 
deck.  The accelerometer selected to measure the vertical deck response is the Crossbow CXL02LF1Z.  The 
noise floor of this 2g accelerometer is 1 mg rms while its sensitivity is 1 V/g.   

The 20 Narada wireless units are organized into three separate wireless sensor networks denoted as networks 1 
through 3.  This approach to system organization is necessary to utilize the fixed wireless channel bandwidth 
efficiently.  By dividing the network into three independent sub-nets, 100 Hz data collection on all 28-channels will 
be possible.  Network 1 which operates on Channel 11 of the IEEE802.15.4 band (2.4 GHz) consists of Narada 
units 1 through 6.  These six wireless sensors collect data from 4 vertical accelerometers in the aft section of the 
mission bay and from the 2 tri-axial accelerometers.  Network 2 operates on Channel 26 and consists of Narada 
units 7 through 16.  These 10 wireless sensors are collecting vertical acceleration in the forward area of the 
mission bay.  Finally, network 3 consists of Narada units 17 through 20 (strain gauge-based nodes) and operates 
on Channel 24.   

Data collection from the three wireless sensor sub-nets is accomplished by a laptop personal computer (PC) that 
serves as network coordinator and data server, located below deck.  This network coordinator runs an automated 
script that starts data runs, retrieves, archives, and time-stamps data, and resynchronizes the wireless sensors 
every half hour.  The network coordinator is connected to the shipboard fiber-optic local area network (LAN).  To 
communicate with the wireless sensors, commands are sent over the ship fiber optic network to ethernet-to-
RS232 converter units (Moxa NPort DE-311) installed in the mission bay (Figure 1c). The ethernet-to-RS232 
converter units emulate a serial (COM) port for the network coordinator.  Connected to each converter unit is a 
Chipcon (Texas Instruments) CC2420DB radio board that is used to communicate to the wireless sensors.  Three 
such interfaces are installed throughout the mission bay to establish three wireless sub-nets, each operating on a 
different channel in the 2.4 GHz frequency range (Figure 4).  Crew access to hull response data collected from 
the wireless hull monitoring system is offered via remote desktop clients connected to the ship fiber optic LAN.    

During seakeeping trials the wireless hull monitoring system is operated in both supervised (user operated) and 
unsupervised (autonomous operation) modes.  Supervised modes allow shorter data collection runs at high (200, 
500, and 1000 Hz) sample rates.  Higher sample rates are desirable during rougher sea conditions so as to 
record the effects of slamming events; slamming events are when the ship’s bow crashes into an oncoming wave 
thereby providing an impulsive loading to the entire vessel.  During unsupervised operation, data is collected at 
100 Hz continuously.  However, to resynchronize the three wireless sensor networks, unsupervised data 
collection is interrupted every half hour for about one minute.   

3. THEORY 

In this study, acceleration data is used to determine the SeaFighter’s modal frequencies and mode shapes.  
Modal frequencies are determined from the peaks of the fast Fourier transform (FFT) of the recorded output 
response functions.  This study utilizes the frequency domain decomposition (FDD) method to determine mode 
shapes from the identified modal frequencies.  In the FDD method, developed by Brincker et al. [8], singular value 
decomposition (SVD) is used to decompose the spectral density matrix into single degree of freedom systems in 
the frequency domain.  By decomposing the system in the frequency domain, the FDD method is very useful in 
determining closely spaced modes.  To execute the FDD method, the power spectral density matrix (PSD) of the 
outputs, , is necessary.  The PSD matrix satisfies the input (x) and output (y) relationship: 

∗  (1) 



where  is the input PSD, and  is the transfer function between the known output and the unknown 
input.  Since the input and transfer function are unknown, the following estimate of the output PSD [9] is used 
instead of : 

∗  (2) 

where  is the estimate of the output PSD at frequency  and  is an array of FFT values of the 

outputs at frequency .  The next step is to determine the SVD of the output PSD matrix: 

 (3) 

where  is the diagonal matrix of singular values at frequency  and , is the matrix of singular vectors. 

⋯  (4) 
The singular values indicate the relative amount of energy associated with each singular vector with the most 
energy at that frequency associated with the first singular value.  Thus, from the first singular vector, an estimate 
of the mode shape at that frequency may be determined.   

 (5) 

While the FDD method has been successfully implemented in a distributed fashion embedded on the Narada 
wireless sensor [10], due to the complicated and unknown nature of the ship structure, the FDD method employed 
in this study is applied off-line.  Modal results are presented in the Results section. 

 

Figure 4.  A multi-tiered design to the wireless hull monitoring system. 



4. RESULTS 

4.1 Strain Measurements 

Wireless strain measurements are found to be comparable to those measured by the existing SPDAS hull 
monitoring system.  This fact is illustrated with the output of two strain gauge channels (3 and 7) collected from 
the catamaran haunch area (Figure 5a).  The signals depicted in Figure 5b and 5c are a comparison of strain 
channel outputs from each system (wired and wireless) during some of the rougher conditions encountered on the 
transit (sea state 3).  Some additional noise is present in the wireless signal which can be easily removed using 
post-processing digital filtering.  Clearly, the strain measurements collected using the wireless sensors is identical 
to those collected by the SPDAS system.  The wireless system automatically time-synchronizes the data from the 
wireless units and time-stamps them with respect to the system clock on the network coordinator laptop.  These 
timestamps are critical for post-processing to match the wireless data to the corresponding SPDAS recorded 
signal.   

4.2 Acceleration Measurements 

Despite the loss of Narada unit 2 from the network (due to its location in a very high foot traffic zone, the sensor 
was accidently crushed early in the voyage), excellent acceleration responses were recorded throughout the ship 
voyage for a variety of sea conditions.  As expected, vibrational data obtained during calm seas has little useful 
information due to lack of excitation; acceleration data during calm seas conform more to the rigid body motions 
of the ship.  Due to this fact, acceleration data for calm conditions (sea state 1 and 2) are not used for modal 
analysis. During rougher sea conditions (encountered in the Pacific Ocean), the ship exhibited higher levels of 
vibrations due to larger wave loading events.  Sample acceleration data recorded under rough sea conditions 
(sea state 3 or greater) is provided in Figure 6a.  Rough seas encountered during the transit were characterized 
by wave periods of approximately 5.0 s which corresponds to a frequency of 0.2 Hz.  Although the rough seas 
provide excellent time history responses, slamming events encountered during some of the higher sea states are 
more ideal for modal analysis.  A slamming event encountered in rough conditions is clearly visible in Figure 6b at 
approximately the 290 second mark.   

A comparison of the Fourier transforms during rough seas of a data block not containing a slamming event 
(Figure 7a) and containing a slamming event (Figure 7b) shows the 0.20 Hz wave excitation present in both 
records, but additional peaks in the slamming record are evident at 2.25 Hz and 3.30 Hz.  These frequencies 
correspond to vibrational modes of the vessel and are excited by the impulsive slamming events.  The mode 
shapes at 2.25 Hz and 3.30 Hz resulting from FDD computations are depicted in Figure 8a and Figure 8b.  The 
2.25 Hz mode appears to be a torsional mode of the hull while the mode at 3.30 Hz appears to be a hog/sag 

 

 (a) (b) (c) 

Figure 5.  (a) Location of strain gauges 3 and 7; (b) strain measurement comparison of strain gauge 3 with the 
wireless data (bottom) compared to the SPDAS data (top); (c) strain measurement comparison of strain gauge 7 

with the wireless data (bottom) compared to the SPDAS data (top). 
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mode, very likely the first flexural mode of the hull.  The exact nature of the global modes however, cannot be 
determined with only approximately one third of the vessel’s length instrumented.  An additional plot of an FDD 
derived singular vector corresponding to the peak at 0.20 Hz is also presented (Figure 9).  Care should be taken 
before attempting to characterize this shape as a mode shape.  As the SeaFighter passes over the waves, it 
deflects quasi-statically at a frequency corresponding to the wave encounter frequency (0.2 Hz).  The changing 

        
(a)                                                                                        (b) 

Figure 6. Sample acceleration time-histories: (a) no slamming event and (b) slamming event at 290 s. 
 

       
(a)                                                                                (b) 

Figure 7. Frequency response functions: (a) without and (b) with bow slamming. 



water pressure below the vessel will cause the ship to flex slightly (Figure 10) as well as induce rigid body motion 
of the entire vessel.  The frequency is dependent upon the wave loading and the shape determined by the wave 
direction, not necessarily by the underlying dynamic characteristics of the hull.  Because the wave period is 
irregular, the mode shape must be determined over a rather short period.  The operational deflection shape 
identified here most resembles quasi-dynamic torsion deformation of the hull. 

5. CONCLUSIONS 

This study presents very encouraging evidence that wireless networks can function within the marine environment 
for reliable data collection.  A multi-tiered, hybrid wired/wireless network with 3 wireless sub-networks is installed 
and tested for strain sensing as well as modal analysis using accelerometers.  The system is run in both 
supervised and unsupervised modes in transit between Panama City and Portland over the course of 
approximately 30 days.  Wireless sensors were able to successfully communicate with receivers connected to a 
remote central server via a shipboard LAN.  Some data packets are dropped and lost due to occasional persistent 

   

(a)                                                                               (b) 
Figure 8: Mode shapes of the SeaFighter: (a) 2.25 Hz and (b) 3.30 Hz. 

 

   
 Figure 9:  First singular vector at 0.20 Hz by FDD. Figure 10. Vessel quasi-dynamic deflection. 



interference, but the network is capable of recovering from such interruptions in service and reestablishing itself 
once the interference has passed.  Losses are within the acceptable range for the study.  Accumulation of clock 
drift within the wireless sensors is overcome by periodic re-initialization by the data server.   Additionally, the 
network did suffer some abuse (loss of unit 2, periodic disconnection of sensors) during crew activities due to its 
on-deck installation resulting in the loss of some data.  Greater success rates would be accomplished in future 
(more permanent) installations by placing the sensors in locations that are out of reach of the crew during their 
normal activities. 

The limited network of acceleration sensors is able to produce data to identify modal information about the 
structure.  Modal frequencies and mode shapes are determined.  The limited spatial distribution of sensors in this 
preliminary test limited the knowledge of the mode shapes.  Furthermore, due to the unique excitation of the 
structure, characterization of mode shapes from data lacking impulsive type loading (i.e. slamming events) may 
be problematic.  Additionally, identifying modal information within frequency ranges that are dominated by the 
ocean waves is inherently challenging.  However, higher frequency modes are readily identified. 
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