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Abstract

This article describes the design, assembly, and implementation of a hand-held, magnetic-field-based
sensor system that can be adapted for a variety of sensing applications. The miniaturized system is based
on Chemical Identification by Magneto-Elastic Sensing (ChIMES) technology, which uses three concentric
solenoid coils to wirelessly interrogate a sensor body comprised of a response material coupled to a
magnetoelastic wire. The response material expands when it encounters a target, imposing mechanical
stress on the wire and altering its magnetic permeability. The sensor bodies are passive, requiring no
external power source, and they are small, measuring about 15 mm in length and 3.0 mm in diameter.
Up to four sensor bodies can be configured as an evenly-spaced linear array. The sensor system operates
by applying a low-frequency, current-stabilized, filtered triangle wave to a uniform-density excitation coil
to switch the magnetic domains within the wire. The responses from the sensors are picked up by a
detection coil as stress-induced changes in the Faraday voltage, and the strong magnetic field induced by
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the excitation coil in the detection coil is nullified by a cancellation coil reverse-wound in series with the
detection coil. The responses of the sensors in an array are separated in time by a linear gradient dc
biasing coil. The sensors can be interrogated through metallic and nonmetallic barriers. The signals from
the detection coil and the excitation coil are digitized by a pair of bipolar analog-to-digital converters
(ADCs). A Raspberry Pi single-board computer (SBC) and associated software perform data acquisition
and control all aspects of the sensor system hardware. The program allows the user to select the number
of sensors in the array, the type of signal that is being collected, and the number of samples to take. The
program also allows for signal processing of the sensor data, such as baseline correction. The program
can differentiate sensor peaks from each other and calculate the magnitude of each sensor response
with less than 1% error. The data are then displayed along with a graph of the signal.

l. Introduction

C HEMICAL sensing systems are crucial to various fields due to their ability to detect and monitor the
presence of specific substances at low concentrations [1], [2], [3], [4]. These systems play a pivotal role in
environmental monitoring, industrial safety, healthcare diagnostics, and even national security. With the
growing concerns over pollution, hazardous materials, and emerging diseases, accurate and sensitive
chemical sensors are indispensable tools for early detection and timely response.

Also, in industrial settings, sensitive chemical sensing systems help prevent accidents and ensure the
safety of workers by continuously monitoring for potentially harmful gases or substances. In healthcare,
these systems aid in diagnosing diseases, monitoring patients’ conditions, and guiding personalized
treatments. Given their vital role across diverse domains, the development and implementation of highly
sensitive chemical sensing systems remain a top priority to safeguard the environment, human well-
being, and overall global safety.

Chemical Identification by Magneto-Elastic Sensing (ChIMES) was developed by researchers at the Y-12
National Security Complex, Oak Ridge, TN, USA, and the University of Tennessee, Knoxville, TN, USA [5].
The technique interrogates sensor bodies using magnetic fields. The sensor body consists of a small (15
mm in length and 3.00 mm in diameter) cylinder fabricated from a target response material (TRM), with
an amorphous magnetoelastic wire threaded through its centerline. The wire is hard-coupled to both
ends of the cylinder. The TRM responds in a known way in the presence of the analyte of interest (the
“target”); for ChIMES devices studied to date, the TRM expands when it encounters the target and
imposes stress upon the magnetoelastic wire, altering its magnetic properties. The sensor body and the
electronics package have no physical connections for power or data transfer and communicate wirelessly
with each other.

ChIMES has the capability to detect any substance for which a TRM exists or can be developed. TRMs can
come from many classes of materials, including polymers, porous solids, and biochemical compounds.
Additionally, the magnetic principle of detection enables the interrogation of sensor bodies through
metallic or nonmetallic barriers. This feature is especially important for mobile applications in which
penetration into the sampled environment is unwanted or infeasible because of health, safety, or
environmental concerns, such as following the decomposition of an unstable material in a sealed
container. For example, a hand-held ChIMES system could be used to interrogate a pallet of metal drums,
each containing a sensor body attached to the inner surface of the lid. Other applications suggested for
the miniaturized sensor include exhaled gas diagnostics, location of spilled solvents, and cadaver
detection. A variation of ChIMES was shown to be an effective radiation sensor [6].



Fig. 1 shows the setup of the table-top ChIMES system. A laptop controls the system through LabView. A
function generator provides a sine wave, which is amplified to drive the excitation coil used to switch the
magnetic domains in the wire. The excitation coil was measured to have a magnetic induction per unit
current of 13.1 mT/A. Both the power amplifier signal and the sensor response induced in the detection
coil are sampled by an oscilloscope to enable digital processing and plotting within LabView. The dc
biasing coil is powered directly by a desktop supply. All electronics, except for the power supply for the
biasing coil, fit into a Pelican case about the size of a carry-on suitcase, and multiple components require
120 VAC.

This article presents the first comprehensive effort to miniaturize the electronics of the ChIMES sensor
into a mobile, hand-held system. The mobile version has components equivalent to those in the
benchtop system and operates at a much lower power level, with coil-set control and data acquisition
performed by a Raspberry Pi single-board computer (SBC). In addition, the new system utilizes an
improved baseline correction program that provides more rapid and accurate results than the benchtop
version of the sensor. Sections |-V describe the miniaturization effort, the development of the new data
acquisition system, and the construction of a sensor array for testing.

Il. Miniaturized System

Fig. 2 shows the miniaturized ChIMES system. A PCB was designed to seat all coil control hardware and
signal processing components. The hardware was designed to work at 25 Hz, and an on-board triangle-
wave oscillator replaces the complex function generator used in the table-top design. The oscilloscope
module is replaced by a set of analog-todigital converters (ADCs) to digitize the signal, and the laptop
controller is replaced by a Raspberry Pi 4 SBC.

The main component of the ChIMES detection system is the concentric coil set used to interrogate
sensor bodies and sense the induced magnetic response. A second set of coils was built for the
miniaturized ChIMES system. This coil set is a refined version of the one used in the desktop system,
which itself was the result of a series of incremental experiment-based improvements. Three
independent coils, shown in Fig. 3, make up the coil set: dc bias coil at the top, ac excitation coil in the
middle, and detection-cancellation coil pair at the bottom. The ac excitation coil drives the switching of
the magnetic domains within the wire. The dc bias coil provides an additional magnetic field, with
strength linearly varying along the length of the sensor array, which causes the switching time of each
sensor to depend upon its location in the array. The detection coil receives the induced signals from the
sensor bodies. The lengths of the coils are equal and they fit within each other: the detection-
cancellation coil fits within the excitation coil, and the excitation coil fits within the bias coil. The sensor
array then fits within the detection portion of the detectioncancellation coil. There are no physical
connections between any of the coils or between the coils and the sensor bodies.

The electromagnetic fields generated during a measurement decay exponentially in a barrier, and the
magnitude of each field drops to (1/e) of its incident value within one penetration depth (d). If the
barrier is a poor conductor r, d = (2/0)(€/u)*?, in which o, €, and i are electrical conductivity, absolute
permittivity, and absolute permeability, respectively of the barrier. For materials like Pyrex, the
penetration depth is much larger than a meter (see below). If the barrier is a good conductor, then d =
(mvou)™2, where v is the frequency of the field. For aluminum 6062 and typical cold-rolled steel at 20 °C,
the penetration depths are about 16 and 38 mm, respectively, for measurements made at 25 Hz,



indicating that attenuation in the barrier is a concern. Metal storage drums are often manufactured from
cold-rolled steel.

A. AC Excitation Coil

The initial design of the system excited the sensors with a sine wave. Later, a triangle wave with a
consistent linear region was found to allow for much simpler baseline correction in digital processing,
and ultimately yielded much more accurate and repeatable results. However, the sharp peaks of the
triangle wave created a kind of “ringing” in the detection coil response, due to the manner in which the
derivative of the triangle wave yielded an undefined result at the instantaneous change of slope. To
correct this, a software solution using a spline function to create a rounded triangle wave signal was
explored and used to generate the excitation signal. The final design simply utilized a second-order low
pass filter to round the peak from the triangle wave oscillator. The most important factor in the
excitation signal is the consistent flat slope of the triangle wave, so this filter solution is sufficient.

As noted above, the oscillator is set to operate at 25 Hz. This low frequency was shown to work very well
for detecting sensor response through metallic barriers, as the higher frequencies did not yield a high
enough penetration depth to excite sensor bodies through barriers for an intended use case. The
downside to using the lower frequency is that it takes longer to take a sufficient number of samples to
average for an accurate reading, and thus more power consumption is required over a longer period of
time. One thousand cycles are averaged for each reading, corresponding to about 40 s at 25 Hz.

B. Excitation Coil Construction

The ac excitation coil is wound around 11 mm outer diameter (OD) Pyrex tubing using 24-gauge copper
magnet wire. It is a uniform-density, six-layer coil with a length of 26.67 cm. The tubing for both the ac
and dc coils was cut to be approximately 5.08 cm longer than the necessary coil length, to give 2.54 cm
extra on each end of the coils for easier coil mounting and winding. The positive and negative ends of
the coil were mounted to 50 £ BNC connectors to interface with the coil control hardware.

C. Excitation Coil Control Hardware

The modified 25 Hz triangle-wave signal is generated by an oscillator circuit. The fundamental design for
this oscillator is to generate a square wave and feed it through an integrator. A typical implementation
for this is done using two independent op-amp circuits, one for the square wave generator and one for
the integrator. However, this design was simplified to a single capacitor and three resistors. The
downside to this simplification is that the two components cannot function independently.

The values of the circuit elements give a frequency of 25 Hz and a voltage peak of ~3.6 V. The output of
the second op-amp is a pure triangle wave, and a second-order passive low-pass filter is implemented to
achieve the rounded peak. After performing a Fourier analysis of the triangle waveform, it was
determined that a cut-off in the range 150 Hz (~5 w) would provide enough filtering without producing
too much signal distortion. The low-pass filter does introduce ~24- of phase shift. A TLO82 JFET-input op-
amp [7] was chosen; one IC package contains two op-amps, so only one IC is needed for the whole
oscillator circuit.

The power amplifier must be a current amplifier so that the current to the excitation coil is extremely
precise and consistent: the impedance of the coil load changes as it heats up, and the induced magnetic



field depends on the value of the current through the coil. The OPA549 high-current power amplifier [8]
was used as a high-side current sense transconductance amplifier. This means that the output current
was proportional to the input voltage. The filtered triangle wave was fed into a voltage divider, so only a
very small voltage was applied to the input of the power amplifier, allowing the current to be set with
great precision by tuning the magnitude of the negative feedback resistor (which changes the current
gain of the power amplifier).

The high-side current sense was implemented with an INA217 instrumentation amplifier [9] in the
negative feedback loop. The gain can be set using an external resistor; however, this device was used in
an atypical way, so the gain was set to unity since it is a current sense device. The positive and negative
differential inputs of the instrumentation amplifier were taken across a 0.2 () sense resistor to create the
transconductance effect, which causes the current to remain stable regardless of the changing load
impedance.

The initial unpowered impedance of the excitation coil was 10.8 Q2 and 5.07 mH. The real impedance
slowly increased to a maximum of ~15 Q when powered. A simple voltage power amplifier would keep a
consistent voltage drop across the coil and reduce the value of current as impedance increases. This
transconductance topology, instead, keeps a consistent current through the coil while increasing the
voltage drop to account for the increasing impedance.

In LTspice simulations, the impedance of the coil was set to sweep from 10 to 15 2 to simulate heating.
The circuit performed in the simulations as desired, with the current through the coil remaining the
same while the voltage increased to compensate. In the actual design, the magnitude of the current
through the coil was observed to decrease only by about 4 mA, while the voltage across the coil (at
maximum current drive, ~1 A) increased from ~11 V to nearly 15 V. A 10 k Q potentiometer was used to
tune this value, and thus set the drive current through the coil, by controlling the transconductance
current gain of the power amplifier.

The stabilized current driven to the ac excitation coil was 0.5 ARMS, corresponding to a peak-to-peak
current of 1.414 A for the original sine wave signal. The triangle wave signal used in the final design
corresponds to a peak-to-peak current of 1.732 A.

The only limit to the output current drive is the available voltage swing from the power source and
power amplifier. With a coil impedance of ~11 (), and voltage rails of positive and negative 15V, 1 A
peak is about the maximum available drive for this design. With 15 V positive and negative rails, the
OPA549 can have a maximum voltage swing of approximately £12.5 V.

As the resistance of the coil increases, so does the voltage swing. Above 1 A peak current at maximum
coil impedance, the voltage swing signal begins to clip, which deleteriously affects the current waveform.
Higher voltage rails would improve the available voltage swing of the current drive, although it would be
far easier to drive higher current with a higher-Q coil. Ultimately, however, +15 V rails are enough for this
application, as 1 A peak current is more than what is needed for a strong sensor response.

D. DC Bias Coil

When no dc bias coil is present, all the sensors are excited at the same time. This is shown in Fig. 4. The
dc bias coil’s purpose is to differentiate the sensor peaks from each other in an array of multiple sensors.
When an array of sensors is used and only the excitation coil is activated, the response received by the



detection coil shows all the peaks perfectly overlapping each other at one strong peak. The use of a
linear-gradient dc bias offset coil allows for even separation of the sensor peaks in time, as displayed in
Fig. 5.

When the dc bias coil is activated, the domain switching signals of the sensors are distinct and uniformly
spaced, and they reflect the corresponding physical locations of the sensors in the array. It is observed
that the single peak response from the sensors, when only the excitation coil is activated, is essentially
the same as the sum of the four separated sensor peaks when the bias coil is activated in conjunction
with the excitation coil during the same set of test runs.

E. Bias Coil Construction

The dc bias coil is wound around 25 mm OD Pyrex tubing using 18-gauge copper magnet wire. It is a
gradientdensity, ten-layer solenoid with a length of 26.67 cm. The density of turns in each layer
decreases toward the middle from both directions and at the middle of each layer the direction of
winding reverses. Prior to winding the coil, the Pyrex tubing was marked and divided into 12 equally
spaced sections, with half of the sections used for each turn direction. It was calculated how many turns
would be needed for a linearly decreasing coil gradient, with the densest sections (the outermost
sections) containing 12 turns. The outermost section contained 12 turns, the next contained 10, then §,
and so on, until the sixth section which only had two turns. Then the direction of turns is flipped in the
center, and the gradient increases from 2 to 12 turns for the next six sections. This makes up one layer of
the coil, and this process was repeated for all ten layers of the gradient dc bias coil. The positive and
negative ends of the coil were mounted to 50 (2 BNC connectors to interface with the control hardware.

The original bias coil was smaller than the redesigned version used for the hardware miniaturization. The
redesign functions in the same way but the coil was designed to have higher inductance, which increases
the induced magnetic field. This was accomplished by using the ten layers of windings, whereas the
original had fewer layers. The new version required less current to accomplish the same result [5].

F. Bias Coil Control Hardware

The dc bias coil control hardware is very similar to the ac excitation coil control hardware. The initial
unpowered impedance of the dc bias coil was 3.2 2 and 7.29 mH. The power amplifier transconductance
topology is the same, with the same purpose, and is implemented with dc current instead of ac current.
The only difference is the type of signal applied to the input of the power amplifier. The final design
takes the Vcc line and feeds it through a voltage regulator to generate a stable voltage of 1.25 V, which is
then fed to a voltage divider to reduce the signal magnitude. Like the excitation topology, a very small
voltage signal on the input of the power amplifier allows for more precise and accurate
transconductance current amplification. The voltage regulator is the LM317 IC [10]. The stabilized
current driven to the dc bias coil is 0.6 A.

G. Detection-Cancellation Coil Pair

The excitation coil creates an alternating magnetic field to switch the magnetic domains of the
magnetoelastic wire. The purpose of the detection and cancellation coils is to pick up the induced
Faraday voltage created by variations in the magnetic flux of the sensor bodies [5]. As shown in Fig. 3,
the detection-cancellation coil pair (at the bottom of the figure) is actually split into three sections. The
centermost section is the detection coil. The array of sensor bodies is placed entirely inside this coil. The



two coils on either side of the detection coil make up the cancellation coil. All three sections are actually
only one coil, wound in series from one long piece of wire. The cancellation coil sections are both wound
in the opposite direction from that of the detection coil, so that the strong magnetic field created within
the detection coil by the excitation and bias coils is nullified.

Fig. 6 displays an example of insufficient nullification. In this test, the detection coil was not perfectly
centered within the excitation and bias coils, so the cancellation coil was not fully enclosed. The result is
an alternating baseline response corresponding to the induced ac excitation frequency. The magnitude
of this response increases as more of the cancellation coil is moved outside of the strong field region
within the coils.

Fig. 7 shows effective nullification when the detection-cancellation coil is completely centered within the
excitation and bias coils. The baseline is now nearly flat, with only very small peaks corresponding to the
triangle wave excitation signal. The remaining baseline signal can be easily removed in software, as it is
the same shape as the ac excitation signal.

The array of sensor bodies is evenly spaced along a stiff fiber and placed entirely within the detection
portion of the detection-cancellation coil pair. This means that, since the induced fields from the
excitation and bias coils are nearly completely nullified, the only responses remaining in the detection
coil are those induced by the sensors, as shown in Fig. 5. Since the sensor peaks are induced only in the
detection portion of the detection-cancellation coil pair, they are not nullified by the cancellation
portion.

H. Detection-Cancellation Coil Construction

The detection-cancellation coil pair was wound around 7 mm OD Pyrex tubing using a 30-gauge copper
magnet wire. The total length of the coil is 266.7 mm. This includes the detection coil (142.9 mm), both
cancellation coil components (49.2 and 61.9 mm), and 6.4 mm spacing between the coils. When winding
the coils, the detection coil is turned first, in two layers. Then the shorter of the two cancellation coils is
wound, followed by the longer of the two on the opposite side of the detection coil. Both cancellation
coils have three layers. To get the exact cancellation effect when the detection coil is centered within the
excitation coil, turns are taken off the third layer of the longer cancellation coil (the one that directly
connects to the negative output of the coil pair). For ideal cancellation tuning, 0.8 cm of coil is removed
from the third layer of the longer cancellation coil.

The positive and negative ends of the coil were mounted to 50 {2 BNC connectors to interface with the
coil control hardware. The positive end is taken to be the input side of the detection coil, and the
negative side is taken to be the output of the second cancellation coil.

The original design for this coil was much smaller and contained only one cancellation coil in series with
the detection coil. This is the topology described by Hatab et al. [5]. A redesigned version was used for
the magnetoelastic radiation sensor described by Lamberti et al. [6] The second design needed to be
much more sensitive to detect smaller changes in magnetic response; this design is now the standard
coil topology, as it also works better for the initial chemical application. Both topologies were
reconstructed and studied during the miniaturization project. The second design is what is described
here, as this is the topology that was fine-tuned for use in hardware miniaturization after it yielded much
better results than the original design.



1. Detection-Cancellation Coil Response Hardware

The same instrumentation amplifier used for the excitation and bias coils is utilized here, although in a
much different way. Whereas the others were used to create transconductance amplifiers, this one is set
up as a transimpedance preamplifier. This is necessary because the induced magnetic field in the
detection coil results in current peaks, not voltage peaks. To digitize the sensor responses for the
instrumentation and signal processing components, a voltage value would be far easier to work with. A
transimpedance design proposed by Salvatori [11] is utilized. The positive and negative ends of the
detection-cancellation coil set are connected to the positive and negative RG (gain setting) pins on the
instrumentation amplifier, and the positive and negative differential input pins are grounded.

The current-to-voltage conversion is given by the value of the feedback resistor inside the
instrumentation amplifier, which is extremely precise. Additionally, the INA217 has extremely small gain
error and nonlinearity, meaning that the overall error of the detection coil and its circuitry is
predominately dependent on the precision of the detection coil response itself, unlike the example
shown by Salvatori [11], where a photodiode current response would potentially have much higher error.
The voltage signal output of the preamplifier is filtered to remove high-frequency noise at a sufficiently
high cutoff (~370 kHz) that the signal itself is not affected.

J. Power Design

As mentioned in the discussion of the ac excitation coil, to obtain the desired current drive, £15 V rails
are necessary due to the required voltage swing for the transconductance amplifier. An input of 12 V was
selected for the overall circuit. Since only the coil control hardware, and not the digital processing
circuitry, requires 15 V, the current output requirement of the dc—dc converter only took into account
the current consumption of the coil. Given that the current operating points of the dc bias coil and the ac
excitation coil are 0.6 A and 0.5 ARMS (or 0.7 A peak), respectively, the maximum current output is ~1.3
A at ac peak. The TRACO POWER TEN 60-2423W!IN dc—dc converter [12] was selected for this application.
This module outputs £15 V at 2 A, with an input dc voltage range from 9 to 36 V, allowing the entire coil
control system to be powered from a 12 VDC power supply.

To control power to the coil circuitry, a simple transistor switch was constructed. The TIP120 Darlington
power transistor [13] was chosen for this circuit. This device is capable of dissipating up to 5 A
continuous current at 12 V, and it operates at “logic level,” meaning it can be switched with a
microcontroller by applying a 3.3 V “logic-high” signal from the base to the emitter of the transistor. The
base of the transistor is connected through a 1000 (Q resistor to a general-purpose input—output (GPIO)
pin on the Raspberry Pi 4 controller. When a “logic-high” signal is sent from the SBC, 12 V from the
laptop power supply is connected to the dc—dc converter, which turns on all coil power hardware.

Power is obtained from a generic 12 V, 6 A laptop charger cable. The maximum total coil drive current is
1.3 A, and the other components require a maximum of 170 mA to operate.

This gives the maximum total current consumption of the coil circuitry as 1.47 A at 15V (22.05 W). The
data acquisition circuitry is discussed in a later section. However, the maximum current consumption of
those components is 140 mA at 5 V (0.7 W). The Raspberry Pi 4 SBC consumes ~1.8 Aat 5V (9 W). Thus,
the total system power consumption is 31.75 W under maximum load at typical coil current values. The
coil power hardware is only activated when sensor measurements are being recorded by the data



acquisition system. Much of the time that the sensor system is on, the coils are not powered; the power
consumption without the coil hardware is ~9.7 W.

Ill. Data Acquisition System Development

The data acquisition system for the miniaturized ChIMES hardware was developed to allow control
through an SBC and to receive and interpret sensor data. The SBC chosen for this design is a Raspberry Pi
4. The data acquisition system enables a user to fully control the hardware through a graphical user
interface (GUI), with inputs to select different measurement parameters and different measurement
types. The GUI includes buttons to turn on the power to the coils for troubleshooting purposes and to
run the data acquisition program with the input measurement variables and the baseline correction
routine. The system can also be set to collect raw data from any signal connected to the ADC inputs. The
data, regardless of measurement type, is graphed and displayed as an image after each data collection
cycle.

A. Analog to Digital Conversion

The miniaturized ChIMES hardware requires the implementation of two ADCs, as both the sensor
response from the detection coil and the excitation signal need to be sampled simultaneously. This is
accomplished by using two ADS8675 14-bit bipolar ADCs [14] in a daisy chain topology. The serial
peripheral interface (SPI) is used to communicate between the ADCs and the host controller.

B. Hardware Implementation

The ADS8675 bipolar ADC has a four-pin SPI connection to function with an SBC. The Raspberry Pi has
four dedicated GPIO pins for simple functionality with SPI devices. These are Primary-In-Secondary-Out
(GPIO 10, pin 19), Primaryln-Secondary-Out (GPIO 9, pin 21), Serial Clock (GPIO 11, Pin 23), and Slave
Chip Select (GPIO 8, pin 24). The ADC utilizes both the 3.3 V (for digital supply) and 5 V (for analog
supply) sources, as well as the Raspberry Pi ground pin. The daisy chain topology is the same layout used
for the ChIMES data acquisition system.

For a daisy chain setup, the serial clock and chip-select pins are shared between the two ADC chips and
are driven by the SPI pins from the Raspberry Pi 4 controller. The serial data output (SDO) pin on the
Raspberry Pi is connected to the serial data input (SDI) pin on the first ADC chip in the daisy chain. The
SDO pin on the first ADC connects to the SDI pin on the second ADC, and finally, the SDO pin on the
second ADC connects back to the Raspberry Pi through the SDI pin.

The hardware layout contains two isolated (but connected) ground planes. The response from the
detection coil is not grounded with the excitation coil due to the nature of the transimpedance amplifier.
The excitation and bias coils are grounded with the dc—dc converter ground, whereas the detection coil
is grounded with the ADC analog ground. The only connection between the two grounds is at the analog
input to the second ADC, where the excitation signal is connected to the negative analog signal input and
this pin is connected to the analog ground. This semi-separate grounding scheme significantly reduced
noise in the sensor responses.

C. Programming

From the datasheet [14], each device “N” connected in a daisy chain topology returns a data frame that
is 32 bits in length, so the initialization data for the daisy chain must be 32N bits in length. In this case,



the system must be initialized with 64 bits of data. Fig. 8 shows the timing diagram for the ADC system. A
function is used to acquire data from the ADC chain. The SPI frequency is set to 16 MHz (megahertz), and
the ADC has a frequency of 500 kHz (kilohertz). This means that since each data frame must contain 32
bits, the minimum SPI frequency must be 500 kHz * 32 bits or 16 MHz.

Each message variable in the program is an 8-bit word containing zeros to initialize the ADC to standard
operation. In order to receive the full length of data from both ADCs in the chain, the initialization
sequence transfers 8 “msg” packets, or 64 total bits, to the ADC. The response delivered to this function
is also 64 bits in length.

For the data to make sense as independent ADC readings, the program has to interpret the received data
string. The data are received in the order of the last ADC in the chain first. The first 16 bits (bytes 0 and 1)
in the 64-bit string (the most significant bits) are the data from the second ADC in the chain, followed by
16 bits of null data, which finishes the first 32 bits in the response. However, since the ADC has 14 bits of
resolution, only the first 8 bits and the six most significant bits of the second set of 8 bits contain useful
data. To account for this, the actual value is interpreted as the first 8 bits received, shifted to be 8 bits
more significant, then added with the next 8 bits received with the two least significant bits set to zero.
This whole 16-bit string is then shifted to be 2 bits less significant, comprising the whole 14 bits of the
second ADC data. The second set of 32 bits contains the data from the first ADC in the daisy chain. This
set of data is interpreted in the same way as the first. The two datasets are then returned as
independent arrays for the detection and excitation waveforms.

Once the data are separated into two arrays, it is converted into the corresponding signal voltages. As
the ADC is initialized with zeros, the default bipolar range is used, so that £3xVref, where Vref is the
reference voltage (4.096 V), are the maximum and minimum voltage values. Thus, an ADC value of 0
corresponds to -12.288 V, and a value of 16 384 (maximum binary value for 14 bits of resolution)
corresponds to +12.288 V.

D. Peak Finding

In order to accurately interpret ChIMES sensor data, a peak finding function is needed, as well as a way
to determine the correspondences of peaks to sensors in the array. In addition, a baseline correction
function should be applied to the sensor signal to help eliminate periodic noise components induced in
the detection coil by the excitation signal, as shown in Fig. 9.

Once the data from the detection coil has been translated into voltage values, the peaks of the switching
signals are determined using a peak-finding function. Each sensor will have a corresponding peak
triggered in both the positive and negative half-cycles of the excitation signal, so there is a negative and
a positive peak for each sensor. To find both peaks, the Python peaks function is used twice. The function
is used once on the data set, and then the dataset is inverted, and the function is run again. The second
set of peak values is inverted again so that they are correctly stored as the negative peaks. The positive
peaks are saved into an array called “peaks” and the negative peaks are saved into an array called
“valleys.” Having the positive and negative half-cycle peaks stored as different arrays enables easier
statistics calculations and data processing.



E. Sensor Cycle Detection and Error Correction

A function is used to determine which peaks correspond to ChIMES sensor responses. The value of the
“num_sensors” variable, input by the user, indicates how many sensors are in the ChIMES array, and
presently ranges from 1 to 4. The value of the “peak_distance” variable, also input by the user,
corresponds to the maximum number of ADC samples that separate the first and last peak value in the
array. This variable is used to eliminate outliers or noise that may arise between sensor cycles and to
determine if a peak is in the array. If a peak is not within the maximum distance, then it cannot be a peak
in the array and is discarded. For an array of four sensors in the current miniaturized system, this
distance is approximately 200 samples. Additionally, this code allows only complete sensor cycles to be
recorded. For example, if the data acquisition terminates in the middle of a cycle so that only two peaks
are found out of a set of four, then these two peaks will be thrown out and not used in the statistical
analysis. The code stores the initial total number of acquired peaks in the array and starts by reading the
location of the first peak. It then checks the peak that is three points ahead of the current data peak. If
the checked peak is within 200 samples, this means it must be the fourth peak in the set and the current
peak is the first; that is, the data acquisition did not begin in the middle of a set of four peaks. A loop
then saves the current peak as well as the next three into a new array. The process repeats for the entire
data set.

Once a set of four peaks is found and added to the new array, the variable for the length of the data set
is decremented by four. This allows the function to throw out data points that are not in a set of four at
the very end of the peak list, since the function cannot check the locations of peaks if they are not
present. For example, if the remaining value of the length variable is two, the data acquisition ends in
the middle of an incomplete set of peaks; these two points are not added to the new array and the loop
terminates.

Additionally, the code checks to ensure that if there are three points remaining in the length variable
check that they are in fact the final three points. Each time a point gets passed over without appending
to the array (either at the beginning of the array or in the middle, such as an outlier or possible peak in
noise), the length variable decrements by one and moves on to check if the next point is in a set of four.
This function is highly effective in saving only desired values that appear in a set of four regardless of
where any undesired points occur in the peak array. To check the assignments, the initial value of the
length variable is printed with the results and the length of the new array.

As an example, Fig. 10 displays a set of 4000 samples. The acquisition began with an incomplete set of
four in the negative half cycle, which is evident in the two green peaks in the bottom left of the graph.

F. Graphical Use Interface

All of the hardware for the ChIMES sensor system is controlled through a GUI. Fig. 11 shows the GUI as it
appears when the program is launched. The GUI is entitled “CHIMES Control Panel.” Text boxes contain
prefilled default values that can be changed before the program is executed or while it is running.
Pressing the “Acquire Data” button executes the main ChIMES data acquisition and processing routines
with the parameters in the boxes. The master GUI controls all major functions of the program.



IV. Sensor Fabrication and Testing

One of the main goals of the project was to demonstrate the innovations in the miniaturized
instrumentation package with a new type of sensor body. The new hardware allows for much more rapid
test results, as its control system keeps a constant current to the coils regardless of heating, so a settling
time is no longer required to obtain consistent and accurate results. Previously, the coils had to be
allowed to stabilize in temperature before recording data. Fig. 12 shows an array of four sensors used for
testing the miniaturized hardware package. These sensors were originally designed for the chemical
sensing application described by Hatab et al. [5]. All results shown thus far that show four sensor peaks
were captured using this array of sensors. As is shown throughout the article, as the hardware and coils
were refined the results became far more consistent and accurate. This can be seen just in the difference
in the waveform and peak position between the older set of data in Fig. 10 and the much more refined
set of data shown in Fig. 9. Fig. 10 was only included to illustrate the data acquisition software.

A. Sensor Fabrication

Historically, two distinct methods were used for sensor fabrication. One method was employed for the
chemical application [5] and the other for the radiation application [6]. A third technique is described
below. A chemical sensor body is prepared by slightly prestressing the magnetoelastic wire (5 gram-
force) before coupling the TRM to it. When the sensor encounters a target, the TRM expands, imposing
additional stress on the wire, which can be detected as a change in its magnetic permeability. The sensor
response (detection coil current) versus axial load is slightly sublinear to the breaking point (about 150
gram-force). The radiation sensor works slightly differently: the response depends on the degradation of
the TRM, so the wire is strongly prestressed (100 gram-force), almost to the breaking point, before it is
coupled to the TRM. When the TRM is irradiated, it breaks down, releasing tension on the wire, which
again alters its magnetic permeability. In this case, the sensor response is linear up to a dose of at least 7
kGy.

In the chemical sensor studies, TRMs were fabricated from the following materials, either neat or as
mechanical composites: poly(ethylene oxide), methylcellulose, heptakis (6-O-tert-butyldimethylsilyl-2,3-
di-O-acetyl)-B - cyclodextrin, 4-tert-butylcalix(6)arene, and poly(methacrylic acid) [5]. Polymers such as
these typically have thermal expansion coefficients on the order 10-4 ( °C)-1, about ten times larger
than the values for many metals [16]. Teflon was used as the response material for the radiation sensor,
because it has one of the lowest thresholds for radiation damage among polymeric materials [17] and
because it becomes friable at low doses [18].

The new type of sensor body is for an application that relies on the degradation of the TRM, and the
method used to construct it is similar in many respects to the one used for devices for radiation
application [6]. Two milled response-material cylinders were epoxied together to make one uniform
sensor body with a length sufficient that the magnetoelastic wire would give a strong response. The
longer the wire, the stronger the induced magnetic response. Once the epoxy holding the two TRM
segments together was cured, the wire was fed through a channel milled along the centerline of the
cylinder; a stop subsequently was placed on one end of the wire to hold the sensor in place. The wire
then was suspended vertically, with the TRM resting on the stop, and placed under 100 gramforce.
Under this load, the wire was epoxied to the top of the cylinder. When the epoxy was cured, the
assembly was flipped over, the stop removed, and the 100 gram-force applied again; the epoxy process



then was repeated on the other end of the cylinder. Finally, the excess wire was cut on both ends of the
cylinder and filed flush with the cured epoxy.

B. Magnetoelastic Wire

All tests reported in this article were performed with sensors fabricated from 100-um-diameter
“100DC2T” amorphous wire, from Aichi Steel Corporation, in Japan [15]. The wire was previously
manufactured by Unitika Ltd., also in Japan, under the brand name “SENCY.” The wire is a glassy Co-Fe-Si-
B alloy; neither Aichi nor Unitika reveals its exact composition.

Two major types of magnetoelastic wire are made by Aichi Steel. Fig. 13 shows the characteristics of the
two types and is taken from the wire catalog provided by the manufacturer. The “high-permeability
type” is used to make ChIMES sensors, as it has an extremely low hysteresis and produces devices that
exhibit a linear response toward imposed stress. The wire has high magnetic permeability (15 000 at 1
kHz), very low coercivity (4 A/m), a saturation magnetic flux density of 0.6 T, and nearly zero
magnetostriction. The resistivity is 130 puf) cm. It was found during the fabrication of the new sensor
type that the wire can be extremely brittle when tensioning under heavy force, or bent or twisted, which
supports Lamberti et al.’s [16] findings. Thus, care must be taken when fabricating sensors based on TRM
degradation.

The 100 gram-force prestress used in this application is not enough to fracture the wire; however, when
fabricating a sensor it can be very easy to twist the wire while it is under stress, causing it to snap into
two pieces. The magnetic response strength of the wire is proportional to its length, so it is very
important that all sensors of the same type have the same tensioned wire length.

During the initial ChIMES development, several types of bare magnetoelastic wire, including the Unitika
equivalent of the Aichi “LB type,” were measured under axial forces of 5, 10, 20, 30, 40, 50, and 100
gram-force [5]. Of these varieties, the 100-um SENCY brand displayed the least noise and the greatest
linearity between response and stress, although its sensitivity to small amounts of stress was relatively
low. SENCY was used in all subsequent work on chemical and radiation sensors.

C. Testing

Only preexposure data is shown here. Three sensors were fabricated, with one failing during
construction. This left one sensor to be the control sample, and the other to be the test sample. Data
were collected before the baseline correction function was fully implemented; however, care was taken
to always place the sensor at the same location within the coil set, so that the background would be
repeatable for the preexposure and post-exposure tests. Even without the baseline correction, the
standard deviation across the samples was very low, less than 2%. Since the sensor is meant to degrade
upon encountering the target, a significant decrease in sensor response would indicate the presence of
the target. Fig. 14 shows the signal collected for the control sensor, and Fig. 15 shows the signal and data
collected for the test sensor.

V. Conclusion

The potential applications of the ChIMES sensor technology and its variations are limited only by the
ability to find appropriate TRMs, as a sensor can be created to detect any chemical compound for which
a specific enough TRM can be identified. ChIMES has been demonstrated to be capable of determining



types and amounts of chemicals present in a system, and sensor bodies themselves act as actuators and
respond in a known and predictable fashion when the target is present.

The sensor bodies are completely independent of the instrumentation package, since there are no
physical connections between them. Due to the magnetic detection method, chemicals can be detected
through both metallic and nonmetallic barriers, such as through the top of a sealed metal drum where
unstable materials are stored. In this case, a flat, rather than solenoidal, coil set would be used.

The new miniaturized instrumentation package for the hand-held version of ChIMES contains
components equivalent to those in the benchtop system and operates at much lower power. It is
interfaced with a data collection and analysis system based on a SBC and utilizes a baseline correction
program to realize more accurate results than previously possible. In addition, the new coil set
constructed to test the miniaturized electronics has several significant improvements to the original
version. The functionality of the new system was proven by testing with previously characterized
sensors, as well as with an array of sensors that was fabricated for a new application.
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Fig. 1. Schematic of the ChIMES system [5]. The instrument rack outputs dc power to the bias coil and an
ac signal to the excitation coil. It receives the signal from the detection and cancellation coil for data
processing. This simplified and miniaturized version of this system is described in this article.

Fig. 2. Miniaturized ChIMES system.
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Fig. 3. Coil set: The top coil is the dc bias coil, the middle is the ac excitation coil, and the bottom is the
detection and cancellation coil pair.
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Fig. 4. Observed sensor response with dc bias coil disconnected, showing the four sensor peaks
overlapping to create one large peak with a magnitude equal to the sum of each of the four sensors.
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Fig. 5. Observed sensor response with both excitation and bias coils activated, showing distinct peaks for
each sensor corresponding in time to where the sensors are positioned within the gradient coil.
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Fig. 6. Observed detection coil response, showing cancellation coil not able to nullify the strong induced
magnetic field within the coils.
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Fig. 7. Observed detection coil response with cancellation coil able to nullify strong drive field within
coils when centered, showing only a small baseline signal remaining.
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Fig. 8. ADS8675 daisy chain timing diagram [14].



. Raw . Manipulated . Baseline-Corrected
Detection Excitation Excitation
Signal Signal ChIMES Signal

Volits

T

0 500 1000 1500 2000 2500 3000
Samples

Fig. 9. Observed signal from detection coil (orange) overlayed with the manipulated signal from the
excitation coil (green) and subtracted to form a baseline-corrected signal (blue).
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Fig. 10. Graph of 4000 samples, starting in the middle of a set in the negative peaks. The two negative
peaks in the beginning would not be recorded.
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Fig. 11. ChIMES control panel with default inputs

Fig. 12. Array of four sensors used for the chemical sensing application. All data shown in the article up

to this point were captured using this sensor array.
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Fig. 14. Preexposure signal response for sensor 1, the control sensor.
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Fig. 15. Preexposure signal response for sensor 2, the test sensor.



