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EXECUTIVE SUMMARY 
This research is to develop a radio frequency (RF) wireless embedded sensor platform for 

monitoring strain/stress/temperature/moisture changes inside the asphalt/soil/concrete structures.  
The sensor platform deployment will neither significantly change standard construction 
procedures, nor the properties or performance of the structure. The platform has the capability of 
self-aligning using gravity force during the deployment, measuring localized strain/stress values 
from defined directions, and changing temperature.  A MicroElectroMechanical-System 
(MEMS) type power recharging device will transfer the mechanical vibration caused by traffic 
into electrical energy to power the integrated rechargeable batteries.  The sensor platforms can be 
either precisely embedded at designated critical sites or randomly placed in the highway 
structures during the construction time for overall structure performance monitoring and traffic 
information collection, such as traffic flow, vehicle’s loading, speed, and axial numbers, etc.  
The main potential impacts on the practice of the proposed innovation include:  

1. Provide a breakthrough technology for nondestructive monitoring and evaluating the 
performance of highway infrastructures at relatively low cost; 

2. Provide a reliable tool to continually and remotely monitor the static and dynamic 
responses of highway structures to different loading conditions; 

3. Provide the comprehensive data for verifying current highway structure design models 
and guidelines; 

Provide a major component of Road Weather Information System for live highway dynamic 
traffic flow mapping. 

INTRODUCTION 
Federal Highway Administration (FHWA) statistics indicate that more than $20 billion of 

federal funds have been spent annually for pavement improvements [1] and the money spent on 
road by federal, state, and local agencies reached $66.3 billion in 2005 [2].  Therefore, any 
improvement in the design, construction, and maintenance of highway infrastructure alone will 
result in tremendous cost savings that include manpower and natural resources.  In this regard, 
the importance of stress and strain information in highway infrastructure cannot be 
overemphasized.  For instance, increased pavement durability and performance can lead to 
significantly reduced life-cycle costs due to the longer service life and less traffic disruption.  
The new mechanistic-empirical (M-E) pavement design guide has been developed to facilitate 
this endeavor.  This new M-E guide is based on mathematical modeling techniques by using 
experimental data from materials and some actual parameter changes in pavement structures 
under traffic loading situations.   The applications of the new design guide can only be enhanced 
with the knowledge of actual stress and strain levels at various pavement layers, which provide 
confidence in the new M-E model. 
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Wired sensors have been the traditional technology applied in highway structure research 
for in-situ stress and strain measurement.  Wireless strain/stress measurements of highway 
structures based on RF data transfer approach have attracted more and more attention. Recently, 
many prototypes of RF wireless data acquisition systems have been used to study the highway 
bridges and structures [1-5]. In those studies, the actual sensor units were mounted outside the 
structures, and the RF transistors were stand-alone devices located on the testing structures 
separately.  MicrosStrain, Inc. provides the RF data link module and lets users transfer data from 
their own sensors but not a complete sensor system.  Usually, their RF data link is powered by 
battery and cannot be recharged if embedded in the structure, which will only provide a total 
working time of about 8 hours. For their newly developed batteryless EmbedSenseTM data link 
system, an induction coil has to be placed close to the link (usually within 1 inch) for power 
supply purposes, so it is not suitable for highway applications. It needs to be pointed out that all 
of their products are not packaged for watery and dusty environments and they are not suitable 
for highway structures. However, the communication protocol between the sensors from 
MicroStrain, Inc., or a similar one can be adopted and implemented into this proposed sensor 
system.  The recent development in highway remote monitoring area was the project initiated by 
the New Hampshire’s Department of Transportation, in conjunction with Plymouth State 
University.  That project tried to solve a particularly troublesome problem: unpredictable road 
surface conditions as part of the Road Weather Information System (RWIS) [8, 9].  A system 
used in the project consisted of a surface sensing part and a buried component, which were 
fabricated by Surface Systems, Inc., in St. Louis, MO.  This system was hardwired from a 
highway structure to a stand-by data collection control station, and the collected data was sent 
out from the control station to the transition tower by either RF or cable. All aforementioned 
studies have made great progresses on wireless data acquisition but still have significant 
drawbacks such as, incomparable embedding, complicated deploying procedure, difficult 
customizing, etc. 

For this research, the proof-of-concept sensor platform is designed to measure the 
strain/stress in the vertical direction only and can be expanded in the future to measure multi-
directional strain/stress if needed. It can be aligned by itself utilizing the gravity through a 
special designed shell apparatus to ensure that the stress/strain readings come from a defined 
direction. The RF wireless data management protocol will ensure the easy deployment, less 
interference, and convenient operation. Since the sensor platform has capability to harvest 
electrical power from the traffic induced vibration, it will have a longer service life.   

The main specifications for the proof-of-concept sensor platform were set as the 
following: (1) the maximum pressure range is from 0-100 psi with the accuracy of 0.5 psi, (2) the 
RF data reader should have a dynamic response in the range of milliseconds with a signal to 
noise ratio higher than 3, and (3) the sensor control and data transfer will be realized vs. wireless 
protocol from nodes to the road side data managing station.  During the sensor platform 
development, the commercially available components have been used in order to increase the 
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performance, functionality, and reliability.  As general practice in the Information Technology 
(IT) industry, the whole RF unit has been customized and produced by an Original Equipment 
Manufacturer (OEM), which will result in smaller size, lower cost, and better platform for 
possible future commercial production. 

Since the proposed sensor system can measure instant load and send it out by RF network 
from a pre-located position, it can be used to map dynamic traffic flow with the information 
regarding the vehicle’s loading, speed, moving-pattern, vehicle-spacing, axle-count information, 
etc.  These critical data can also be used to verify and validate the M-E design parameters and 
give highway design engineers the ability to implement the “First Level Design” approach of the 
M-E design guide.  Furthermore, it may also function as a potential road-surface-condition 
indicator to signal that maintenance is needed for pavement ride ability by monitoring the pattern 
of traffic flow and structural parameter reading changes. 

CONCEPT AND INNOVATION 
This integrated, scaleable, and embedded RF wireless highway sensor platform can 

measure the real time localized material parameter changes during the traffic flow and true 
wireless protocol from sensor node to road side data collection station. It also can equip a built-in 
Faraday power harvesting devices transferring mechanical energy (vibration) from highway 
structures into electricity for powering the sensor.  The sensor system can be deployed into 
highway structures during the construction period or maintenance time without significantly 
changing current construction procedures. For existing highway structures, the sensor can also be 
embedded either manually or randomly during the maintenance.  Each sensor platform will 
monitor localized strain/stress/temperature/moisture parameters of the structures, which can be 
used in asphalt/soil/concrete materials without weakening the structure’s mechanical strength 
and performance. The moisture level will be monitored by an integrated semiconductor 
hygrometer.  By carefully integrating the readings from each sensor and networking them 
together, an overall status of traffic flow history, vehicle's information, loading condition, and 
the structure responding to traffic loading at pre-located position can be evaluated. Eash sensor 
platform can also be used as a digital tap by recording the information of construction 
parameters, maintenance history, environmental changes, and other related data to its on board 
memory, which can be written/read through the RF communication.  

PROJECT PAYOFF POTENTIAL 

One of the unique payoffs of this sensor system is to help the implementation of load and 
resistance factor design (LRFD) and rating of structures, especially the applications for critical 
highway structures, such as bridges and tunnels.  Since LRFD need the inputs of load and 
resistance factors based on the actual measured variability of applied loads and internal stress 
and strain, the proposed sensor system will provide more accurate, more comprehensive data for 
the analysis.  Considering the mandatory requirement that states must design all new bridges 
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according to the LRFD specifications began October 1, 2007, the beneficial impact of having 
such a sensor system available to highway design engineers and researchers will be much more 
significant. The platform can also be used as a comprehensive traffic-flow/structure-
property/road-loading/environmental-change monitor. It will help highway administration master 
the road service conditions and plan ahead the as needed maintenance schedule.  

TECHNICAL OBJECTIVES 

The sensor system development includes four main components: (1) integrated-scaleable 
sensor body with MEMS based sensors, (2) customized RF sensor-control/data-acquisition 
circuit, (3) a MEMS made energy harvesting device to power the embedded sensor for 
sustainable operation, (4) sensor self-alignment/positioning apparatus that is used during random 
deployment period to ensure the sensor body toward a fixed orientation. For the proof-of-concept 
sensor, the objectives are: 

(1) Stability:  The sensor should be physically sound and durable in highway environment.  It 
has been designed to operate from a temperature range from -58˚F to 212˚F. 

(2) Localized measurements:  The strain/stress/temperature values are measured from closely 
surrounding material, usually within a volume of less than 3 inch in diameter.  Through 
the data ID, the exact position of the measurement can be tracked from the sensor 
mapping chart obtained during the sensor deployment. 

(3) Adequate sensitivity and dynamic range:  The stress sensor’s sensitivity is higher than 0.1 
psi.  The integrated sensor system’s sensitivity and the dynamic range will be better than 
0.5 psi and cover a range from 0 to 100 psi, respectively. 

(4) Well-defined force/strain measurement and their orientation: A proprietary self-
aligned/positioning device has been used to position the embedded sensor during the 
deployment and ensure that the directions of measured forces are well defined. 

(5) Wireless monitoring to eliminate wires and out-of-structure connections:  Off-the-shelf RF 
components have been integrated into the sensor system with batteries and power 
harvesting components.  A 433 MHz RF System-on-Chip IC has been specified for the 
first generation sensor system. 

(6) Capability of accurate measurement:  The commercial sensors have been integrated in the 
first generation sensor platform for reliable, accurate, strain/stress/temperature 
measurements. 

(7) No perturbation to the structure and routine highway construction:  Since the sensor system 
is small in size, about 3 inch in diameter for the first generation, it can go through 400ºF 
for a short period of time and has self-alignment/positioning mechanisms; the sensor 
deployment processes will be compatible to the current highway construction 
environment and standard procedures. 

(8) Scalability:   If more monitoring spots are needed, the extra sensor platform can easily be 
added to the desired locations. If more functionality is needed, then, more sensor 
elements can be integrated into the current platform with no need to change sensor 
platform physical design.  
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(9) Power harvesting function plus power conservation design for extended operation life:  
The whole sensor system uses a low power consumption design and integrates with a 
miniaturized Faraday battery charging device that will convert mechanical vibration 
energy caused by traffic into electrical energy of the rechargeable battery for an 
extended operation life span.    

 
INVESTIGATION 

 
Sensor Platform Design and Structural Layout 
 

Sensor platform main frame is made 
from steel so it will have enough strength 
for using inside both asphalt and concrete 
structures without creating the week point.  
Fig. 1 is the layout design of the platform.  
The top half accommodates a double sided 
RF data acquisition/control/communication 
board as well as the pressure, strain, 
moisture, temperature, and three-axial 
acceleration sensors.  The bottom half 
contains the rechargeable battery and Faraday energy harvesting devices.  After the sensor 
assembly, the platform can be packaged with variety of materials, such as asphalt, concrete, clay, 
etc., according to the structure material, which will be embedded in (See Fig.2 for details).  In 
this way, it will be guaranteed that the measuring data will accurately reflect the structure 
material’s behavior. The packaged sensor platform has the center of mass at the bottom, which 
will make the platform behavior like a tumbler if it is not constrained.  Then, the sensor platform 
will be packaged in the special designed self-alignment shell for the random deployment. When 
the sensor platform is randomly deployed during the construction time, the self-alignment shell 
will let sensor platform stay in the desired direction because of gravity. The shell will be crashed 
into small pieces during the compacting process and exposed the platform to the structure.      

 

 

 

Fig. 1. The schematic layout of current sensor 
platform design. 
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Major Sensor Platform Components and Their Specifications 

The pressure sensor.  GE NPI-19 pressure sensor, as shown in Fig. 3, is currently chosen 
as basic pressure sensor platform for our project because it has a 8-bit Reduced Instruction Set 
Computer (RISC) processor, and a Low Frequency (LF) input stage to meet market demands for 
flexible, customer specific behavior/solutions, and overall system cost reduction.  A 
programmable version of the sensor is also available for development purposes allowing 
researchers to download the application code in an electrically programmable ROM version.  
The detail information about NPI-19 is listed in Table. 1.  A special sealer structure is added to 
the sensor surface in order to protect the sensor element from damage by intrusion of a hard 

subject of the highway constructional materials.  The sealer layer is designed in such the way 
that it will proportionally pass the outside pressure to the sensor and protect the pressure sensor’s 
surface from damage at the same time.  

 

Fig. 2. Left is the assembled sensor platform, middle is the packaging apparatus, and the right is the 
sensor packaged with concrete used in the concrete structures. 

 

Fig. 3. The actually image (left) and schematic layout of GE NPT-19 medium range pressure sensor. 
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The Microcontroller unit (MCU).  Silicon Labs 
C8051F530 MCU is chosen for the system control, which 
is fully integrated, has low power consumption, and has a 
mixed-signal with a system-on-a-chip.  Its function 
diagram is shown in Fig. 4, which has high-speed 
pipelined 8051-compatible microcontroller core (up to 25 
MIPS) and true 12-bit 200 ksps ADC with analog 
multiplexer and up to 16 analog inputs.  It owns precision 
programmable 24.5 MHz internal oscillator that is ±0.5% 
across voltage and temperature. It has 256 bytes of on-
chip RAM to store all the program software. Up to 16 
ports I/O and enhanced SPI serial interfaces make the 
system easy to integrate all the sensors in hardware.   According to Silicon Labs’ specification, 
the C8011F530 is a truly standalone system-on-a-chip solution, which has an on-chip power-on 
reset, a VDD monitor, a watchdog timer, and a clock oscillator.  The flash memory is byte 

Table. 1. Specifications of GE NPI-19 pressure sensor. 

 

http://www.gesensing.com/products/npi_19m_series_datasheet.htm?bc=bc_novasensor 

 

Fig. 4. MCU C8051F530 function 
block diagram. 
 

http://www.gesensing.com/products/npi_19m_series_datasheet.htm?bc=bc_novasensor
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writable and can be reprogrammed in-circuit, providing non-volatile data storage, and allowing 
field upgrades of the 8051 firmware.  User software has complete control of all peripherals, and 
may individually shut down any or all peripherals for power saving. The on-chip Silicon Labs 2-
wire development interface allows non-intrusive, full speed, and in-circuit debugging using the 
production MCU installed in the final application.  This debug logic supports inspection and 
modification of memory and registers, setting breakpoints, single stepping, and run/halt 
commands.   

RAMTRON FM3130 RTC/Alarm, an extra 64 Kb capacity non-volatility FRAM with real-
time clock (RTC), is integrated as a flash memory for using as a digital tag to record the 
construction, materials, and maintenance information. Its function block diagram is shown in 
Fig. 5.  FM3101 can be organized as two logical devices, the FRAM memory and the 
RTC/alarm. From the system perspective, they appear to be two separate devices with unique 
IDs on the serial bus.  The memory is organized as a stand-alone two-wire nonvolatile memory 
with a standard device ID value. The real-time clock and alarm are accessed with a separate two-
wire device ID. This allows clock/calendar data to be read while maintaining the most recently 
used memory address. The clock and alarm are controlled by 15 special function registers. The 
registers are maintained by the power source on the VBAK pin, allowing them to operate from 
battery or backup capacitor power when VDD drops below a set threshold.  

The hygrometer.  SENSIRION SHT75 hygrometer has been used in the sensor system for 
the moisture measurement. Its specifications list in Table 2. Since the hygrometer has an 
integrated temperature sensor, it can be used to measure road surface moisture and temperature 

simultaneously.  The measured relationship 
between the surface moisture and temperature changes can be used to interpret road surface 
wetting and icing conditions, which are the critical parameters for highway management as well 
as engineers for traffic control, structure design, and maintenance schedule. 

Table. 2. SHT75 hygrometer specifications 

 

 

Fig. 5 . The function block diagram of 
FM3130. 
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The strain sensor.  OMEGA SDG-7/100 strain gauge is used to measure the strain changes 
of the materials.  The highlights of this strain gauge are: 1-axis linear performance with accurate 
and fast response for static and dynamic applications, small bending radius with broad 
temperature range, and easy accessible solder pads/wire lead connections, and clear alignment 
marks for easy implementation.  

RF transmitting/receiving 

 ATMEL ATA5823 highly integrated UHF ASK/FSK multi-channel half-duplex and full-
duplex transceiver with low power consumption has been used for sensor platform data RF 
communication.   The working frequency range is 313 MHz-316 MHz.  The data rate is 1-20 
Kbit/s using frequency-shift 
keying (FSK) or 1-10 Kbit/s 
using amplitude-shift keying 
(AFK). The system block 
diagram of ATA5823 is shown 
in Fig. 6.  According to the 
manufacture, the ATA5823 is 
fully integrated, very low supply 
current, high sensitivity, and 
data transfer rate RF chip. Other 
highlighted features are listed 
below.  

(1) Full duplex operation mode without duplex frequency offset to prevent the relay 
attack against passive entry go system 

(2) High sensitivity: -105 dbm at 20 kbits/s/-109 dBm at 2.4 kbit/s (433.93 MHz) 
(3) Low supply current: 10.5 mA in RX and TX mode 
(4) RSSI-received signal strength indicator 
(5) Integrated XTAl capacitor 
(6) Fully integrated PLL with low phase noise VCO, PLL loop filter and full support 

of multi-channel operation with arbitrary channel distance due to fractional-N synthesizer 
(7) 433.92 MHz, 868.3 MHz and 315 MHz capability without external VCO and PLL 

components  
(8) Adjustable output power: 0 to 10 dBm adjusted and stabilized with external 

resistance 
(9) Programmable output power with 0.5 dBm steps with internal resistance. 
(10) Supply voltage range: 2.15 v to 3.6 v or 4.4 v to 5.25 v 
(11) Temperature range: -40ºF to 302ºF 
(12) Small 0.28 in X 0.28 in QFN48 package.   

 

Fig. 6. System block diagram of ATA5823. 
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The RF data transfer and control circuits are customized into double-sided round-shape 
PCB. The standard RF power output is 10 dBm. In order to compensate the embedded 
environment, a power amplifier is integrated on the board to increase the total output power to 20 
dBm to ensure the data retrieving even in extreme harsh situation.  The flow charts of RF data 
acquisition and control are shown in Fig. 7.  The system control protocol and diagram is shown 
in Fig. 8.   The final OEM RF board is shown in Fig. 9. 

 

 

 

 

 

 

Fig. 7.  The flow chart of RF data acquisition and control of sensor platform. 
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Fig. 8.  The sensor platform control protocol and control diagram. 
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Self-Alignment Apparatus Shell Design, Fabrication, and Testing Results 
The sensor platform alignment during the deployment is achieved by combing the sensor 
platform’s tumbler behavior and a self-alignment apparatus, 
which is illustrated in Fig. 10.  The apparatus is a hollow 
shell made from brittle ceramic or clay materials with an 
inner diameter a little bit larger than the ball shaped sensor 
platform. Since the platform behaves like a tumbler, it will 
stay in fixed orientation by gravity.  The shell is designed in 
such a way that it is strong enough to undergo the mixing 
processes of asphalt/clay-soil, but it will crash into small 
pieces at the designed pressure.  Therefore, the sensor 
platform can be thrown in the asphalt or other material 
during the mixing process, and then, align itself vertically 
during the material spreading.  The shell will crash into 
small pieces at the pressure of compacting and let sensors 
expose to the environment while remaining in a near vertical position. Any small amount of 
tilting because of following compacting processes will be measured by integrated the three-axis 
acceleration sensor, which will give final orientation of the strain/stress directions at the accuracy 
of 1 degree. 

In order to design the proper shell structures, the stress/strain distributions inside the 
asphalt road and throughout the self-alignment shell during the compacting are essential.  Since 
the stress/strain values introduced by the road roller during the compacting process decrease 
from the surface to the bottom of the road structure, PIs use the stress/strain at the depth of 0.5 m 

 

Fig. 10, The illustration of self-
alignment apparatus assembly. 
 

 

Fig. 9.  The OEM double sided PCB for RF data acquisition and sensors control. 
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(~2 ft.) for simulation study.  The shell performing properly in this depth will function well when 
embedded depth is smaller than 0.5 m (~2 ft.).  

Stress/Strain distribution during 
compacting processes. In the simulation 
processes, a four layers road structure is 
adapted and the detail information is shown 
in Fig. 11.  In this situation, the maximum 
compression zone is about 6 in down from 
the road surface. The simulation boundary 
conditions for investigating the strength of 
the self-alignment shell are shown in Fig. 12. 
The maximum embedded depth of the sensor 
platform is 6 in beneath the road surface and 
inside the treated soil foundation layer. 

Finite element model. The mesh of the whole model is obtained using software 
Hypermesh 8.0.  The boundary conditions used in the simulation are: 

I. Road roller’s operation mass (M) is about 
18000~2000 g. the roller’s diameter (D) and 
width (W) are about 59 in and 93 in, 
respectively; 

II. The road surface displacement (h) under 
compacting mass (M) is calculated from 
following equation:  
 M·g=P·S=P·W·Larc   (1)   

where 

P- the pressure caused by operation mass; W-width of 
the roller’s wheel; Larc-contact length between road and 
roller’s wheel; and g- acceleration of gravity.  

Since the mass and dimensions of roller are known, the 
values of Larc at different situations can be obtained by 
equation (1).  Therefore, the displacement value (h) can 
be calculated by using simple geometric relationship.   

III. The height of asphalt layer used here is 12 in and the sensor is 8 in inside the cement 
treated soil;  

IV. The stress affected zone along the rolling direction is 12 in in front and 118 in after 
the roller contact point.  The thickness of sensor alignment shell is 0.16 in; 

V. The shell made from alumina based ceramic with elastic modulus of 300 GPa, 
flexural strength of 330 MPa, and compressive strength of 2100 MPa; 

 

Fig. 12. Model of simulation. 

a b 

 

Fig. 11. a. diagram of a typical road structures; b.  
showing the model built for simulation. 
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VI. The shell out diameter is 3.15 in with the shell thickness of 0.16 in (see Fig. 13); 
VII. The groove dimensions are 0.04 in in width and 0.08 in in depth. 

VIII. The range of h displacement on the road structure is from 0.787 in to 0.472 in. 
The stress distribution around the roller’s wheel and sensor are shown in Fig. 14. When the 

shell structure is intact, Von Mises stress distribution as the function of inner semicircle surface 
of self-alignment apparatus’ shell with/without grooves are given in Fig15 and Fig.16, 
respectively.  The results show that there is stress 

peaks at the top of the shell (0 in at the inner 

semicircle coordinate) and the maximum stress at the position about 2.4 in from the top point. 
The groove structure has significantly increased the stress levels because of the stress 
concentration.  The plots of stress along the radial direction vs. inner semicircle length for shell 
structures with grooves and different h values are illustrated in Figs. 15a & 15b. The results show 

 

Fig.13. Illustration of self-alignment  shell  
structure. 

 

Fig.14. Stress distribution around roller 
wheel and sensor. 

 

Distance from the top point of the shell (m) 
Fig.15. Von Mises stress distribution vs.  the inner surface distance from the top point of the grooved shell 
structure when a. h=0.48 in and b. h=0.71 in. 

 

b 
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that the maximum tensile stress reached the flexural strength of the shell material at displacement 
of h equating to 0.47 in. For the shell structure without groove (Fig. 16), the maximum tensile 
stress under the same condition is only 150 MPa, which is far below the failure stress.  
According to the simulation, the grooved shell will first crack at the top.  Once it fails from the 
top, the shell will no longer be a stable structure and the fracture will propagate from the top area 
to the whole shell because the stress concentration caused by grooves.  The results indicate that 
the shell will be fractured during the compacting process, and it will eventually fracture into 
small pieces; therefore, the fractured shell debris will have a minimized interference with the 
stress/strain measurement of sensor platform.  

 A model assembly for making the grooved 
ceramic self-alignment shell has been fabricated using 
micro-sized electric discharge machining (EDM) 
according to the optimized simulation and design in 
Fig. 17.  The self-alignment shells made from different 
ceramic materials are shown in Fig. 18. 

The ceramic shells have been tested embedded in 
the sand with a confined space. The results show that 
once the stress reached the peak value of 1362 psi, the 
shell cracks along the grooves into many small pieces 
as designed (Fig. 19).   This crashing stress value can 
be tuned according to different applications by change 
the ceramic material compositions and backing 
conditions. 

 

The test results show that the designed self-alignment shell performed well for sensor 
platform alignment application. Besides the alignment function, the shell would also sustain the 
outside pressure, impact, and heat during the mixing and protect the sensor platform from high 
temperature damage and possible contamination.   

 

Fig. 17.  The 3D drawing and the actually model assembly for making self-alignment shells. 

 

Distance (m) 
Fig.16. stresses vs. the inner semicircle 
length of the alignment shell (h=12mm). 
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Vibration and Road Structure Acceleration Measurement 

 Two sets of three axis-accelerometers have been embedded in and tested at road LA983. 
The purpose of this experiment was to collect acceleration information of asphalt structure along 
the X_Y_Z directions in the actual traffic flow and use the data to explore the possible 
applications of identifying the vehicle’s axle number and speed. The general road vibration 
properties will also be used for energy harvesting devices design.  Fig. 20 and Fig. 21 are the 
readings from 2 sets of embedded accelerometers at different embedded depths, which are 6 and 
12 ins from the asphalt road surface for top and bottom sensor sets, respectively (as shown in 
Figs. 22 and 23).  The results suggest that the acceleration velocity values are the function of the 
vehicles size and loading.  The passenger can usually generates acceleration values from 0.05 to 
0.25 m/s2, and an 18 wheels can generates a 0.9m/s2 of acceleration velocity.  The highest 
acceleration value is in the vertical direction and two other orthogonal directions are smaller. The 
peak numbers of acceleration velocity are promotional to the axial numbers of the vehicle, i.e., 
two for a passenger car and five for an 18 wheel. The accelerations measurement results in Figs. 
20 and 21 also show that frequency induced by traffic ranged from 10Hz to 20Hz at the road 
with speed limit of 45 MPH.  

 

 

Fig. 18.  As made self-alignment shells with 
different type of ceramic materials. 

Fig. 19.  The strength test results show that 
crashing pressure around 1362 Psi.  The insert 
shows the shell is crashed into the small pieces. 
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Fig. 23. Road vibration measurement illustration. 

Fig. 22. Pictures show two accelerometers blocks have been placed in the LA983 for field test. 

Fig. 21. Acceleration caused by an 18 
wheels.  

Fig. 20. Acceleration caused by a 
passenger car.  
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Strain Sensor Calibration and Measurement  

Two kinds of embedded stain sensors have been calibrated inside the asphalt and cement 
materials at the Louisiana Transportation Research Center (LTRC). The temperature 
compensation strain gauges were placed on the top of the asphalt and cement blocks for 
measuring the actual strain values and eliminating the drift caused by temperature change.  Fig. 
24 shows the asphalt calibration setup and Figs. 25 and 26 are the calibration results.  The strain 
sensors together with the RF control unit give a well-defined linear responses to the deformation 
of the asphalt block with the coefficient of determination (R2) larger than 0.95.  

 

               

 

 

 

Packaging the sensor platform in asphalt materials is the key process of this project. 
Among all sensor components, the strain gauge is the most sensitive component that may be 
damaged by the elevated temperature and excess stresses during the asphalt packaging process, 
Also, the original packaging materials on the rest of sensors and circuits are not designed to 
protect them from the elevated temperature and harsh environment such as hot asphalt. We have 
developed the proper procedure of applying protective material during the sensor platform 
packaging processes. The procedure of making asphalt packaged sensor platforms is illustrated 
in Fig. 27.  The cement package procedure is much easier than the asphalt one. Simple cast 
process with a suitable model will accomplish the packaging. 

The MTS 810 material testing system at Louisiana Transportation Research Center (LTRC) 
was used for the calibration processes and set up is shown in Fig. 28. 

The loading used for calibration is a pulse force with different frequency values of 8, 12, 
and 16 Hz.  The peak value of the load is 618 lb., which corresponds to 100 psi pressure in the 
tested sample (Fig. 29.).  Asphalt packaged strain sensor was tested against the measurements 
from standard Asphalt Model Extensometer Model 3910. Figs. 30 and 31 show the results of the 
strain change measured by the extensometer and the developed embedded sensor platform, 
respectively.  The results clearly show that the embedded sensor platform can accurately measure 

Fig. 24. Setup for strain 
sensor calibration.  

Fig. 25. Strain sensor #1 
calibration results. the slope is 
0.323and R2=0.960. 

Fig. 26. Strain sensor #2 
calibration results. the slope is 
0.973and R2=0.997. 
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the asphalt strain level as the function of the loading profile with the measure of the strain value 
matching the results obtained from commercial extensometer.   

 

 

 

 
 

 

 

 

It is generally recognized that the measured strain values of asphalt under dynamic loadings 
are the function of loading frequency.  As the loading frequency increases, the maximum strain 

 

asphalt concrete 

Fig. 27.  Showing the prototype asphalt packaging process, (A) pre-packaging of strain gauge; (B) 
mold for sensor plat form packaging; (C) half packaged sensor platform; (D) The sensor platform 
fully embedded in asphalt.   

Fig. 28.  The strain sensor calibration set up for asphalt and cement packaged strain sensors. 

Fig. 29.  The loading profile for calibrating the strain sensor embedded inside the 
asphalt. 
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value decreases for the asphalt material.  This phenomenon is clearly demonstrated by measured 
results obtained from both the commercial extensometer and newly developed embedded sensor 
platform. The results show that developed embedded sensor platforms meet the asphalt strain 
measurement requirements with enough sensitivities on both strain level and responsive time. 

 

 

 

 

Fig. 30.  Asphalt strain measurement results from Asphalt Model Extensometer Model 3910.   

Fig. 31.  Asphalt strain measurement results from developed embedded strain sensor.   
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The similar strain calibration tests also performed for the concrete material.  The loading 
profile is shown in Fig. 32 with the maximum loading of 2000 lb (180 psi).  The results also 
show that the embedded sensor platform has the same strain response behavior as the 
commercial extensometer, which suggests that the embedded sensor platform can reveal the true 
deformation behavior of concrete material under dynamic loading conditions (Figs. 33 and 34). 

 
 
 

 
 
 
 

Fig. 32.  The loading profile for calibrating  the strain sensor embedded in concrete.   

Fig. 33.  Concrete strain measurement results from Asphalt Model Extensometer Model 
3910 at loading frequency of 16 Hz.   
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Moisture Sensors Calibration 
 

Moisture sensors used in the 
platform have also been tested 
against different water contents in 
the clay material.  Two sets of 
tests with the duration of more 
than 20 days have been performed 
with the data collected at different 
equilibrium moisture conditions.  
The results show that with current 
moisture sensor, it only can 
measure the soil water content up 
to 1 wt%.  If the water content is 
higher than wt1%, a different kind 
of moisture sensor has to be used.  
Fig. 35 shows the moisture 
calibration results. 

3D Accelerometer for Sensor and Structure Tilt Measurement 
 

The tilting sensor is based on the output of the Bosch three-axis analog accelerometer 
BMA140.  The main problem to prevent the tilting sensor from proper performance in the 
developed sensor platform is the high frequency interference from environment (the noise above 
the 1 Hz).  According to the factory specification, the frequency response of an accelerating 
readout can be expressed as equation (1), where f C-X represents the cutoff frequency of the 

Fig. 34.  Concrete strain measurement results from developed embedded strain sensor at 
loading frequency of 16 Hz.   

Fig. 35.  Picture A shows the moisture calibration setup; B,C, 
and D are the testing results from three moisture sensors.  The 
average slop is 0.00935±0.00011 and R2>0.99 for all.   
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acceleration data of X-axis. Therefore, a proper RC low 
pass filter as show in Fig. 36 is added to filter out the 
interference of higher frequency noise.  A 4.5 uF 
capacitor is used as Cx to allow a vibrating acceleration 
signal equal as or less than 1 Hz get to the A/D unit. In 
this way, the static gravity acceleration can be 
accurately measured and a 1° resolution can be 
achieved. 

                         (1) 

A commercial accelerating data acquisition board and software from Bosch SensorTech are 
used to acquire the accelerating data from the developed sensor platform. The data with low pass 
filters is showing in Fig. 37.  The outputs  between two independent axes and their theoretical 
fitting from BMA140 are shown in Fig.38.  Since the acceleration gradients from X, Y, and Z 
directions are orthogonal vectors, the sensor platform orientation in 3D space can be accurately 
determined once the X and Y vector values have been measured.  The relationship between the 
tilting angles in X & Y directions can be expressed in 
equations 2 and 3. 

X axis tilting angle (°):  

 αx = asin[(0.2307*ay-1.3493)*(ax-0.35147)]  (2) 

Y axis tilting angle (°): 

αy = asin[(0.2662*ax-1.3824)*(ay-0.19134)] (3) 

Besides the electrical noise filter, the mechanical environmental vibration noise isolator is 
also a key component to ensure the proper tilting reading with minimized interference.  The 

 

Fig. 36, Schematic illustration of the 
low pass filter for each axis. 

 

Fig. 37. Acquired accelerating data for all 
three axes with low pass filters.  

    

Fig. 38.  Measured data from the X and Y axes show perfect match from theoretical match. 
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testing results (Fig. 38) show that accelerometer's output has a highly linear relationship as 
predicted after the installation of the low pass filter and environmental vibration noise isolator.  
The measurement accuracy meets the requirement proposed in the project—the accurate and 
repeatable measurement outputs with one degree resolution. 

Faraday Charging Devices 
 

One of the major power harvesting 
elements in the sensor platform is 
electromagnetic induction based device made 
from MicroElectroMechnical-System (MEMS) 
technology. The whole device design has been 
finished, finalized.  The components have been 
under the fabrication and Fig. 39. show the 
assemble drawing of the device. 

The U-shape permanent magnet is used in the device in order to provide the maximum 
magnetic field intensity at the opening gap.  The magnet field intensity simulation results (Fig. 
40) show that the magnetic field strength at 0.06 in opening would be 0.8 T when the permanent 
magnetic dimensions at the opening are 03 in in width, 01 in in height, and with cave of 0.31 in x 
0.31 in.   

The prototype of electromagnetic 
induction power harvesting device has been 
assembled and tested as a power source for 
the sensor platform.  Fig. 41 shows the 
testing set up and the preliminary results of 
the electromagnetic induction power 
harvesting device.  For the current designed 
Faraday device (small enough to fit the size 
of current sensor platform), the average 
power output is about 0.57 mW, which is not 
enough to power the current snsor platform 
(the sensor platform currently uses about 300 
mW power). Therefore, the electromagnetic 

induction power harvesting alone cannot meet the power requirement and other compensation 
devices for power harvesting are needed overcome this shortcoming. One of the future solutions 
is to increase the size of the sensor platform to accommodate a large-sized higher power output 
Faraday device.  

   (b) 

   

   (mm) 

Points picked 

(a) 

Fig. 40 (a) Simulation of the 2D magnet field 
intensity and (b) magnet field intensity at the 
points picked along line in the middle plane 
between U magnet ends. 

Fig. 39. Assembly drawing of electromagnetic 
energy harvesting device. 
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Pressure Sensor Performance  
 

The pressure/loading measuring experiments have been performed at LTRC using MTS materials 
testing machine with a loading range from 4 psi to 31 psi.   Fig. 42 shows the actual pressure/loading 
measurement results.  The overall system accuracy for pressure measurement is ± 0.1 psi.  Because the 
packaging material caused a pressure offset, the pressure sensor has about 2 psi residue stress and can be 
easily offset from measurement software. 

 

Fig. 41.  Top picture is testing setup for energy harvesting experiment and the insertion shows detail 
configuration of electromagnetic energy harvesting device. The bottom figures are the testing results 
show that device resonance frequency is about 13 Hz and output is about 0.57mW .   

Fig. 42. The pressure/loading measuring results from packaged sensor platform, which show a 
linear performance with the R2> 0.999  
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CONCLUSIONS 

The PIs have developed a sensor platform that meets all the proposed measurement criteria. 
It also has been demonstrated that with the increases of both platform size and power density the 
sustainable power supply may be achieved in the near future. The sensor platform can be 
deployed at a fixed orientation through the help of a self-alignment shell, which will save 
tremendous man-power and effort during the sensor platform installation.  The developed sensor 
platform can measure the localized pressure, strain, moisture, temperature, accelerating vectors 
in x-y-z directions, as well as the structure tilting.  The platform has a customized RF data 
acquisition/control circuits that can transfer data wirelessly while the sensor platform is 
embedded in the asphalt and cement structures.  The platform demonstrated the capability of 
expending the functionalities as demanded.   Because of the power consumption limitation, the 
RF data transfer range is currently limited within the range of less than 40 ft.  Currently used 
moisture sensor can only measure the water concentration up to 1%w, which may be expended 
by changing the type of the moisture sensor.  Because of the limitation of the prototype 
fabrication, the ICs and components in the RF circuits are soldered by hand, which is hard to 
ensure the high reliability.  The preliminary testing results suggest that a fully automatic 
processing will solve this problem and ensure the reliability reach the current IC industrial 
standard.    

The testing results also suggested that a developed sensor platform can be used not only to 
measure the materials property change caused by traffic flow and environmental changes, but 
also to detect the vehicle information, vehicle loading, traffic information, actual loading, and 
resulted material responses. 

In summary, a prototype sensor platform has been developed through this IDEA program 
supported research.  This platform shows the prospect futures for highway construction, 
maintenance, smart highway system, and instant traffic mapping applications.  In order to 
commercialize the developed system, financial supports from federal, local governments as well 
as private sector are needed.   
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