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ABSTRACT 

Currently, much of the focus in the structural health monitoring community is shifting towards incorporating health 
monitoring technology into real world structures.  Deployment of structural health monitoring systems for permanent 
damage detection is usually limited by the availability of sensor technology.  Previously, we developed the first fully 
self-contained system that performs impedance-based structural health monitoring.  This digital signal processor based 
system effectively replaces a traditional impedance analyzer and all of the manual analysis usually required for damage 
determination.  The work described here will focus on improving this hardware.  Efforts are made to reduce the overall 
power consumption of the prototype while at the same time improving the overall performance and efficiency.  By 
introducing a new excitation method and implementing a new damage detection scheme, reliance on both analog-to-
digital and digital-to-analog conversion are circumvented.  These new actuation and sensing techniques, along with the 
underlying hardware, are described in detail.  The reduction of power dissipation and improved performance are 
documented and compared with both traditional impedance techniques and the previous prototype. 
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1. INTRODUCTION 

The structural health monitoring (SHM) research community is shifting their focus towards incorporating SHM 
technology into real world structures, and consequently compact hardware with low power dissipation become 
demanding features for a SHM system.  A small form-factor can increase the physical robustness, as well as lower the 
deployment and maintenance costs, of SHM systems.  Low power dissipation makes it possible to use power harvesting 
units exploiting ambient vibration and temperature gradients, which contributes to cost reduction.  

Previously, we have developed the first fully self-contained prototype that performs impedance-based SHM, which 
consists of a digital signal processor (DSP) evaluation module (EVM), an analog-to-digital converter (ADC) EVM, and 
a digital-to-analog converter (DAC) EVM [1,2].  This DSP based multi-board system effectively replaced a traditional 
impedance analyzer and manual analysis required for damage assessment.  The procedures of structural excitation, data 
acquisition, and damage assessment are performed in a matter of seconds, and damage in a structure can be detected 
almost instantaneously.  However, as this prototype is implemented on three evaluation boards, it has limitation on 
practical deployment due to high power dissipation and a large form factor.  There has been an effort to develop a 
compact hardware for SHM and sensor diagnostics utilizing an impedance converter / network analyzer integrated 
circuit (IC) AD5933 from Analog Devices [4].  Though a SHM system with a custom printed circuit board (PCB) which 
is capable of acquiring impedance measurements and wirelessly transmitting the raw data was developed, it must still 
rely on a separate computer for damage assessment.    

We have proposed a new algorithm, digital low-power SHM, that performs SHM operations with binary signaling [3] to 
reduce computational complexity, simplify hardware implementation, and accordingly lower the power dissipation.  This 
digital low-power SHM algorithm completely eliminates the reliance on analog signaling for structural excitation, and, 
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consequently, data acquisition can also be performed using a binary format.  Therefore, implementing a SHM system 
without incorporating an ADC or a DAC to achieve compact hardware development with lower power dissipation 
became possible.     

In this paper, we present prototype development for the digital low-power SHM algorithm utilizing binary signaling in 
detail.  The binary signaling algorithm is briefly described and compared with the previously utilized analog based 
algorithm.  By using a set of test structures, the functionality is verified and the performance, in terms of damage 
detection and power dissipation, is evaluated.  The prototype demonstrates the feasibility of implementing a SHM 
system on a single PCB.   

2. OPERATION AND ARCHITECTURE 

Impedance-based SHM performs three major operations: excitation signal generation, sensor actuation and sensing, and 
damage assessment.  An excitation signal can be generated by a traditional function generator or by a DSP.  The 
excitation signal generated by a DSP is transmitted to a self-sensing actuator bonded to the structure.  A self-sensing 
actuator, which is made from piezoelectric materials, generally utilizes MFC (Micro-Fiber Composite) or PZT (Lead 
Zirconate Titanate) patches.  A PZT patch is adopted for our prototype.  Once the excitation signal from the DSP reaches 
the self-sensing actuator, the structural response induces stress on the actuator to produce a response signal, which is 
altered from the excitation signal according to the structure’s mechanical impedance.  The response signal can be sensed 
by a traditional impedance analyzer or by a DSP.  The recorded structural response is post-processed to create a 
signature and calculate a damage metric, either in a computer using a general purpose computing software such as 
MATLAB, or in a DSP.  A signature is a frequency domain representation of the structural response that varies 
depending on the structure’s mechanical impedance, and the first signature, called a baseline, is stored as a reference 
under the assumption that the structure is initially in a healthy condition.  The structural response is measured a certain 
number of times, and their average generates an impedance signature.  The damage metric, a difference between the 
baseline and the current signature, is compared to a preset threshold value to determine if the structure has been 
damaged.  Since our ultimate goal is to develop an SHM system on a single board, we have proposed to use a DSP as an 
excitation signal generator, structural response sensor, and a post-processor to effectively eliminate once necessary 
equipment such as a function generator, an impedance analyzer, and a computer out of the SHM system [1-3].   

In developing our first prototype described in detail in [1,2], we have used a sinc waveform to excite the structure, which 
is an impulse-like signal containing multiple frequency components from DC to very high frequency depending on the 
sampling speed of the ADC.  The sinc waveform is generated by a DSP and sent out through a DAC to the PZT bonded 
to the structure.  The structural response is then measured through an ADC to provide an estimated voltage level to the 
DSP.  Finally, the DSP performs a fast Fourier transform (FFT) on the received voltage sequence to create the baseline 
or a signature, and calculates the root mean squared deviation (RMSD) damage metric between the baseline and a 
current signature.     

The digital low-power SHM algorithm proposed in [3] is applied to this system-on-board approach prototype 
development, and the overall architecture is shown in Figure 1.  Instead of the sinc waveform used in our previous 
prototype, digital rectangular pulse trains of various frequencies, generated by the pulse width modulation (PWM) signal 
generator of the DSP, are proposed to excite the structure.  Since the excitation signal is a binary sequence, the reliance 
on a DAC is circumvented.  Structural response through the PZT is also sensed with only the sign (positive or negative) 
of the voltage rather than multiple voltage levels, and this change results in the elimination of ADC use.   

As illustrated in Figure 1, there are two signal paths in performing sensor actuation and sensing: a reference signal path 
and a measuring signal path.  The reference signal path is a route through which the excitation signal from the PWM is 
directly fed back into the DSP, and the measuring signal path is the actual excitation and sensing signal path through an 
Opamp and a comparator.  Both signal paths are going into general purpose input output (GPIO) pins of the DSP for 
comparison.  Variations between the two signals are mainly caused by the mechanical impedance of the structure.  These 
differences can be represented in terms of a variation count by counting the number of differences between the received 
reference path sequence and measuring path sequence at each frequency component.  An ensemble average of a certain 
number of variation counts produces a signature.  Finally, the damage metric is calculated as a sum of absolute 
differences between the baseline and a signature through the frequency components and is compared with the preset 
threshold value to determine whether the structure is damaged.   
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Figure 1 Overall Architecture 

  

3. IMPLEMENTATION 

3.1 Hardware Characteristics 

Our prototype implementing digital low-power SHM is based on the TMS320F2812 EVM from Texas Instruments [5].  
TMS320F2812 is a 32-bit fixed point DSP supporting up to 150 million instructions per second (MIPS) operation.  The 
maximum core operating clock frequency is 150 MHz and can be reduced down to 15 MHz by changing the phase 
locked loop (PLL) multiplier setting.  The peripheral clock frequency can be selected as high as the core operating clock 
frequency or as low as the core operating clock frequency divided by 14.  The supply voltage for the DSP core is 1.8 V 
at 130 MHz and 1.9 V at 150 MHz.  For Input/Output utilization, the supply voltage is 3.3 V, while the recommended 
supply voltage for the entire EVM is 5 V.  Our digital low-power algorithm relies on binary signaling rather than 
multiple voltage levels for structural excitation, requires simple accumulation instead of FFT operations which involves 
intensive multiplications for signature generation, and takes advantage of subtraction instead of a square root operation 
for damage metric calculations.  Hence, we can employ a low-power, relatively slow 32-bit fixed point DSP, while the 
previous sinc waveform based prototype required a power-hungry 225 MHz 64-bit floating point DSP.  

In addition to the DSP, there are two more IC devices involved for PZT excitation and sensing operation.  The excitation 
and sensing operation requires two buffers, a comparator, and an Opamp.  A four-channel Opamp OPA4342 from Texas 
Instruments is employed to implement two buffers and a comparator, and a single-channel Opamp TLV2770 from Texas 
Instruments is adopted for the Opamp [6-7].  Some miscellaneous components, such as resistors and an LED, are also 
included.   

One buffer is connected between the digital output from the DSP and the PZT on the measuring path, and the other 
buffer is connected between the digital output from the DSP and the digital input to the DSP on the reference path to 
avoid loading effects.  If a buffer is not inserted between two components on a signal path, a voltage drop occurs due to 
the voltage dividing between the output impedance of the component transmitting the signal and the input impedance of 
the component receiving the signal.  Thus, a buffer, whose ideal input impedance is infinite and ideal output impedance 
is zero, is inserted between them to ensure maximum voltage transfer.  A comparator is connected to the output of the 
Opamp to convert the structural response into a digital signal to be measured by the DSP.  This comparator performs the 
function of a buffer as well.  In the previous prototype, we did not have to insert buffers because the DAC EVM and 
ADC EVM had buffers on-board.  For this digital method prototype, we effectively replace high-power consuming DAC 
EVM and ADC EVM with a buffer and a comparator, which resultantly reduces power dissipation significantly and 
miniaturizes the form factor.    

The prototype is shown in Figure 2.  TMS320F2812 EVM is 7.62 cm X 12.7 cm, and the external bread board consists 
of Opamp ICs, resistors and an LED.  The LED is turned on and off to indicate structural damage based on the detection 
result calculated by the DSP.   
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