As illustrated in Figure 2, the sensors consisted of (a) a frame, (b) a
magnetoelastic sensor strip and (c) a load applicator. The frame and load applicator were
fashioned from polycarbonate material using a CNC Micro Milling Machine. The design
of the applicator in particular was chosen such that the response of the sensor could be
controlled by sharing the loads between the four pillars and the portion of the applicator
in contact with the sensor, referred to as the applicator head. Lastly, strips of sensing
material were sheared from a reel of Metglas 2826MB material purchased from Metglas

Inc., Conway USA.

Figure 4.2 The sensor used for characterization consisted of a (a)
frame, (b) sensing strip, and (c) applicator.

The fabricated sensor was monitored through an external detector, consisting of
two oppositely wound coils connected in a figure-eight configuration. Each detection coil
was fabricated using a VFlash FTI 230 Desktop Modeler and measured 13.75 cm x 3.6
mm, and was made of 100 turns of 28 gauge magnet wire. The external AC/DC
excitation fields were generated with two circular excitation coils with diameters of 27.6
cm and wound with 50 turns of 26 gauge magnet wire. The excitation coils were

separated by 12.5 cm.

4.3.2 Experimental Setup and Procedure
Experiments were conducted to analyze the effects of altering the dimensions of

the load applicator on 30.5 mm and 33.5 mm long sensors. In addition to this, the effect
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of altering the distance between the load applicator and the sensor, and the impact of
changing the roughness and/or elasticity of the materials at the load interface was
examined. During testing, sensors were loaded from 0 N to 266 N. Finally, a multi-sensor
array was developed and deployed onto a 3D printed lower-limb prosthetic analog to be
tested under applied loading.

To measure the resonant frequency of the sensor, AC excitation equipment
consisting of a Fluke 271 10 MHz function generation, a Tapco Juice 1400 amplifier, a
Stanford Research Systems 810 DSP Lock-in-Amplifier, and a Kepco Bipolar Power
Supply were used. A custom Microsoft Visual Basic 6.0 program controlled the process
of exciting and monitoring the sensors and the application of desired load regimes using a
custom fully automated four piston pneumatic mechanical loader. The collected data and
the recorded actual loading were analyzed with a custom Matlab script.

An averaging filter was first applied to the data to reduce noise in the collected
results, followed by determination of the resonance frequency for each test. The resonant
frequency for each load point was plotted against the applied load and fitted with a

decaying exponential curve:

y=a (I—e'bx) +c (1)
In this case, the a coefficient represents sensor sensitivity and the b coefficient

represents the signal saturation and dynamic range. The ¢ coefficient represents the

resonant frequency for an unloaded sensor.

4.4 Results and Discussion
4.4.1 Numerical Model and Effect of Changing Applicator Dimensions

The results of the ANSYS simulations are plotted in Figure 4.3 which shows the
resonant frequency change of applicators of varying widths as a function of their lengths.
The applicator’s length was used to simulate the change in the contact area between the
applicator and the strip due to the applied force — the larger the contact area, the longer
the length. The results display a decaying exponential trend similar to the actual sensor
response towards altering the length and/or width of applicators measured with a 30.5

mm and 33.5 mm long sensor (see Figures 4.4 and 4.5).
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In actual testing, a 30.5 mm x 4.0 mm Metglas 2826MB strip was loaded from 0
N to 266 N at 22.2 N intervals with applicator heads whose width was held constant at 1
mm while the length of the applicator was changed from 2 mm to 6 mm at 1 mm intervals
between load tests. The collected coefficients from applied decaying exponential curve
fitting can be seen in Figure 4.6. Similar testing was performed on the effects of loading
a 33.5 mm x 4.0 mm Metglas 2826MB from 0 N to 266 N at 22.2 N intervals with
applicator heads whose length was held constant at 4 mm and 5 mm while the width of
the applicator was changed from 1 mm to 3 mm at 1 mm intervals between tests. Figure
4.5 shows the results when the length was held constant at 5 mm and Figure 4.7 plots the
collected coefficients from curve fitting the results from the 4 mm and 5 mm long
applicators. The results from both sets of testing indicate that increasing the applicator

head size increases sensitivity, as indicated by the ANSYS model.
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Figure 4.3 ANSY simulations were performed by increasing the area
of a constrained region at the center of the strip in order to emulate the
average change in contact area with applied load.
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Figure 4.4 The effects of loading a 30.5 mm X 4.0 mm Metglas
2826MB from 0 N to 266 N at 22.2 N intervals with applicator heads
whose width was held constant at 1 mm while the length of the
applicator was changed from 2 mm to 6 mm at I mm intervals between
load tests.
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Figure 4.5 The effects of loading a 33.5 mm X 4.0 mm Metglas
2826MB from 0 N to 266 N at 22.2 N intervals with applicator heads
whose length was held constant at 5 mm while the width of the
applicator was changed from 1 mm to 3 mm at | mm intervals.
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Figure 4.6 The coefficients from decaying exponential curve fits
applied to loading results with a 30.5 mm x 4.0 mm sensor strip using
applicators having varying lengths from 2 mm to 6 mm at 1 mm
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Figure 4.7 The coefficients from decaying exponential curve fits
applied to loading results with a 33.5 mm x 4.0 mm sensor strip using
applicators having varying widths from 1 mm to 3 mm having lengths
of 4 mm and 5 mm.

4.4.2 Effect of Changing Surface Roughness

In order to test the effects of changing surface roughness, a 3 mm % 5 mm
applicator was used to load a 30.5 mm X 4.0 mm magnetoelastic sensor from 0 N to 226
N at 22.4 N intervals. The applicator head was then roughened with sandpapers of
different grit to alter the surface roughness, and the experiment was repeated. The results
of roughening the applicator with sandpaper with particle sizes of 268 mp, 140 mp and
92 mp (in that order), are plotted in Figure 4.8a along with a plot of the determined
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coefficients in Figure 4.8b. Using sandpaper with smaller particle sizes increases the
number of available contact regions by creating a surface with less roughness due to the
smaller size of abrasive elements on the sandpaper, thus resulting in a greater overall
distribution of the applied loading. As a result, a smoother surface decreases the sensor
sensitivity due to smaller contact regions, but increases the dynamic range as a result of

having more asperity regions capable of contacting the strip.
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Figure 4.8 The (a) results and (b) coefficients of the applied decaying exponential curve
fits from loading a 30.5 mm x 4.0 mm from 0 N to 266 N at 22.2 N with an applicator
whose roughness was altered between tests using sandpaper whose particle sizes were
268 my, 140 my, and 92 my.

4.4.3 Effect of Changing Young’s modulus

The AE effect describes the change in Young’s modulus of a magnetostrictive
material due to an applied magnetic field. As a result, this effect was utilized to examine
the outcomes of changing the Young’s modulus of the contacting materials on a sensor’s
response. A 30.5 mm % 4.0 mm sensor experienced loads from 0 N to 133 N at 44.5 N
intervals with different applied DC biasing fields from nearly 2.71 A/m to 814.89 A/m at
135.58 A/m intervals, thus altering the Young’s modulus of the sensor. The results, in
terms of resonant frequency and applied bias field, are plotted in Figure 4.9. To further
explore the effect of changing the contacting material Young’s modulus, the resonant
frequency was plot against applied loading while under varying biasing fields (see Figure

4.10a). The coefficients from curve fitting were then plot against the applied bias field
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(see Figure 4.10b). The shape of the ¢ coefficient curve in Figure 4.10b is similar to the
standard AE curve [14], which was expected since the ¢ coefficients represented the
resonant frequencies of the unloaded sensors under varying biasing fields. Interestingly,
the ¢ coefficient curve has an opposite trend to the a coefficient curve. This demonstrates
an inverse relationship between the Young’s modulus of the strip, and hence the Young’s
modulus at the contact interface, and sensor sensitivity. This means that when the
Young’s modulus of the sensor decreased, its resistance to deformation also decreased,
leading to an increased number of contact areas when compared to the same material with

a higher Young’s modulus at the same loading.
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Figure 4.9 In order to evaluate the effects of changing the Young’s
modulus of components at the contact interface on sensor response,
load testing was performed from 0 N to 133 N at 44.5 N intervals on a
30.5 mm x 4.00 mm strip under different applied DC biasing fields
ranging from 2.71 A/m to 814.89 A/m at 135.81 A/m intervals.
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(a) (b)

Figure 4.10 The change in Young’s modulus as a result of applied loading under different biasing
fields was (a) curve fit with decaying exponential curves and (b) the coefficients were plot against the
applied biasing field.

4.4.4 Load Sharing

In addition to testing the effect of changing the load applicator size, the
introduction of load sharing to the applicator design was also investigated. Specifically,
as can be seen in Figure 4.2 the load applicator has four supporting posts. As a result,
applied loads were distributed between the applicator head and the posts. Figure 4.11a
shows the results of changing the size of the end of the posts to alter the effective force
experienced by a 45 mm x 3 mm sensor tested with load applicators having a 3.0 mm X
1.5 mm applicator head. In each test the load applicator experienced a load from 0 N -
266 N at 44.3 N intervals. The collected data was then curve fitted with decaying
exponential curves and the coefficients were plotted against the percent loading
experienced by the sensor (see Figure 4.11b). This result demonstrates that the range and
sensitivity of the sensor can be altered by controlling the size of the posts. Specifically, if
a higher portion of the applied load is experienced by the sensor, the sensor sensitivity

increases but the overall range decreases.
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Figure 4.11 The results of altering the load sharing between the applicator head and support posts
were (a) plot against the total applied loading and (b) the coefficients from curve fitting were plot
against the percent loading experienced by the applicator head.
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4.4.5 Effects of Altering Distance between Load Applicator and Sensor

The effect of altering the distance between the load applicator and the sensor was
also analyzed using Metglas 2826MB discs placed underneath the posts of the load
applicator prior to testing. During experiments, loads were applied from 0 N — 266 N at
22.2 N intervals. The results from testing and the coefficients from the applied decaying
exponential curve fitting are plotted in Figure 4.12a-b. The results demonstrate that as
the distance between the resonating sensor and applicator head increases, the peak
response within the tested range and the sensitivity both decrease. In theory, adding an
initial separation between the applicator and sensor decreases the effect of applied
loading, as the initial separation gap must first be breached. This increases the overall
range of the sensor as fewer contact points are formed for a given load, while also
decreasing the overall sensitivity. Additionally, it is worth noting that the curvature of the
results when zero discs were present results from the fact that when no discs were present
a gap existed between the support posts and the sensing strip. As a result, the sensor did
not exhibit the characteristic exponential trend until the applied loading was large enough

for the posts to contact the sensor frame.
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Figure 4.12 The (a) results and (b) coefficients of the applied decaying exponential curve fits from load
testing of a 30.5 mm X 4.0 mm sensing strip from 0 N to 266 N at 22.2 N intervals with the distance
between the applicator head and sensing strip adjusted from 0.0 pm to 40.0 pm at 20 pm intervals with an
initial gap of 20 pum when no insert was placed underneath the support pillars of the applicator.

4.4.6 Hysteresis, Drift and Stability
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Hysteresis and drift were quantified by loading a 30.5 mm % 4.0 mm long sensor
from 0 N to 266 N and back to 0 N at 22.2 N intervals for 20 cycles (see Figure 4.13).
The collected data was examined and a maximum of 5.13% average hysteresis and a
0.64% drift in the unloaded response and a 6.96% drift in the peak load response over 20
cycles were found. The error in both drift and stability could be improved in future works
by examining the effect of deformation of the load applicator and frame during
experiments. Additionally, if the applied loading is not consistently distributed through
the applicator’s posts, shifting may occur during prolonged or repeated testing, possibly
leading to the experienced errors. In future works the design of the applicator will be

examined and modified to reduce these errors.
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Figure 4.13 The drift and hysteresis of the developed sensor were
characterized using a 30.5 mm X 4.0 mm sensor strip loaded from 0 N
to 266 N at 44.8 N intervals with a 1 mm x 4 mm applicator head over
the course of 20 cycles.

4.5 Implementation to Prosthesis Model

A lower limb prosthetic model was fashioned using a VFlash Desktop 3D Printer
(see Figure 4.14a-b). Prior to full testing, each sensor in the array was characterized, as
per the procedures above, in order to establish an empirical relationship between applied
load and resonant frequency shift. The results from this characterization along with the

developed curve fits can be seen in Figure 4.15. The empirically determined coefficients
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were utilized to determine applied loading based on the captured resonant frequency
shift.

Following sensor characterization, the prototype was placed into the mechanical
loader and equal loads were applied on all four pistons from 0 N to 226 N at 44.4 N
intervals. In order to evaluate the effectiveness of the developed characterizations, the
total applied force was compared to the total recalculated force (see Figure 4.16) with a
maximum error of 10%. In the future, this array will not only be expanded to include
more elements, but the load applicator design will be modified to improve stability and

decrease maximum error.
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Figure 4.14 The lock-in portion of a lock-in style lower limb prosthetic was modified in AutoCad
and fabricated using a VFlash Desktop 3D Modeler. (a) Sensor strips and load applicators were
inserted into the fabricated test apparatus prior to (b) fully assembling the proof of concept test
apparatus.
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Figure 4.15 Each sensor strip in the test apparatus was characterized to
develop a solving method for determining the applied loading from the
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resonant frequency by loading each element in the array from 0 N to
178 N at 22.2 N intervals.
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Figure 4.16 Results from loading the assembled and
instrumented test apparatus used to calculate expected
loading with a maximum 10% error.

4.6 Conclusion

A new magnetoelastic sensor platform for monitoring applied loading was
presented. The new design allows for application of partial loading to the center of a
vibrating magnetoelastic sensor. The ability to control the sensor range and sensitivity by
altering parameters such as the applicator head size, Young’s modulus/surface roughness
of the interface and the distance between the load applicator and sensor was also
illustrated as part of characterization of the sensor platform. The sensor also illustrated a
maximum of 5.13% average hysteresis, 0.64% drift in the unloaded state, and a 6.96%
drift in the peak load response over 20 cycles. Moreover, a sensor array tested on a lower
limb prosthetic had a maximum 10% error when comparing the actual total applied force
against the total applied force determined by from curve fits obtained during sensor
characterization. Future works include modifying the load applicator design to improve
drift and hysteresis as well as decreasing sensor size and increasing the maximum array

size.
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Chapter 5 A Wireless, Magnetoelastic-based Sensor Array for Force

Monitoring on a Hard Surface
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Abstract

A force monitoring system consisting of stress-sensitive magnetoelastic strips for
remotely measuring the force profile across a hard surface is described. Under the
excitation of a magnetic AC field, the magnetoelastic strips generated higher-order
harmonic fields (magnetic AC fields at multiple frequencies of the excitation field),
allowing remote measurement of their responses without interference from the excitation
field. Due to their magnetoelastic properties, these higher-order harmonic fields were also
dependent on the applied force and, as a result, variations in force/stress could be tracked
via changes in the field amplitudes. These changes were monitored using a detection
system featuring a set of magnetic detection coils, which captured the response of the
magnetoelastic strips. To demonstrate the functionality of this sensor system, a three-strip
magnetoelastic sensor array was fabricated on a flat polycarbonate substrate. The
substrate, placed within a customized mechanical loader, was exposed to a variety of
force loading conditions. Experimental results demonstrated a proportional relationship
between the amplitude of the 2" order harmonic field and the applied force. An
algorithm was developed to” identify the magnitude of the applied force. The novelty of
this system lies in its wireless and passive nature, which is ideal for applications in which
wires and internal power sources are prohibited or discouraged. Moreover, the sensing
component of this system is an array of thin magnetoelastic strips, allowing for minimal

modifications to existing structures during implementation.

*“The material in this chapter was previously published in Sensor Letters.”
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5.1 Introduction

Force and stress are generally measured via strain, which is defined as the change
in dimensions of an object due to an applied force. In practice, strain is often measured
with strain gauges, most of which can be classified as resistive, capacitive, or vibrational.
Resistive strain gauges monitor strain as a function of the change in resistance across a
conductive or semiconductive material when elastically deformed [1]. Semiconductive
materials exhibit piezoresistive behavior, resulting in a larger change in the electrical
response with applied force compared to conductive materials [2]. As a result,
semiconductive materials exhibit higher gauge factors, typically between 50 and 200,
while conductive materials experience less than 5 [1]. These piezoresistive strain gauges
find common use in different fields for a variety of applications, such as measuring stress
on a knee prosthesis [3] or stress monitoring during an electronic packaging process [4].
While semiconductor strain gauges offer accurate sensing on small scales, their response
can vary with temperature, and they can be difficult to manufacture.

Capacitive strain gauges measure stress/strain as a function of the change in the
capacitance of a sensor. The primary advantages of capacitive strain gauges come from
their capacity to operate in high temperature environments, minimal hysteresis, and long-
term stability [4]. However, they have a lower sensitivity compared to their piezoresistive
counterparts. For example, thick cermet and polymer based capacitive strain gauges
demonstrated similar linear responses and hysteresis to piezoresistive sensors but with
gauge factors of only 6 for the cermet capacitor and 3.5 for the polymer capacitor [5].

Vibrating wire strain gauges function by measuring the vibrating frequency of a
wire held in tension between two anchoring points and excited into vibration by a
magnetic coil. Due to the effects of applied stress/strain, the anchoring position changes,
resulting in a measurable alteration in vibrational frequency [1]. Due to their high

sensitivity, vibrating strain gauges are commonly used in low strain structures such as
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concrete beams [6]. As a whole, strain gauges in this category have the advantage of
stress detection in the range of parts per million and are robust, easily attachable, and
accurate; however, changes in temperature can drastically affect their performance [7].

Fiber optic technology has also been used for stress monitoring. The advantages
of fiber optics include electrically passive operation, EMI immunity, high sensitivity, and
multiplexing capabilities. Two main types of fiber optic strain sensors exist:
interferometric and intensiometric. Interferometric methods observe changes in light
passing through the fiber optic cable, while intensiometric sensing techniques monitor
changes in the radiant power transmitted in a cable. A common example of an
interferometric sensor is the Fabry-Perot interferometer sensor, which measures the
change in light intensity between two mirrors placed in parallel with the fiber optic cable.
An applied stress alters the distance between the mirrors resulting in a phase change in
the light. While highly accurate, this method exhibits an inability to handle periodic
interruptions by the power supply [8,9]. Additionally, fiber optic sensors are prone to
damage, are affected by temperature elevations, and require that any coating used to
protect fiber optic wires allow for proper transfer of force to the sensors [10].

Wireless capacitive stress/strain sensors were also developed for monitoring
pressure as a function of change in measured capacitance. One such device coupled an
RF transceiver to a custom capacitor for pressure monitoring [11]. The device was
comprised of a pressure sensitive cavity, fabricated through silicon fusion bonding of two
silicon wafers used to seal the cavity, and a flexible and a stationary electrode, forming a
capacitor. Pressure applied to the device deflected the flexible electrode toward the fixed
electrode, thus altering the capacitance of the sensor. Using a RF transceiver, information
was wirelessly collected and sent for analysis [11]. Another wireless capacitive sensor,
known as the SmartPill, incorporated pressure, pH, and temperature sensors for
monitoring gastrointestinal tract conditions [12]. Unfortunately, these systems are limited
in their size by the necessity for onboard electronics and, in the case of an active sensor,
may eventually require the device to be removed in order to replace the power supply.

A simpler version of wireless capacitive stress/strain sensors was realized by

incorporating an inductive-capacitive (LC) tank circuit into a sensor. In a wireless,
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passive stress/strain LC sensor, the capacitive stress/strain element connected to an
inductor, which remotely conveyed stress/strain information as a change in the resonant
frequency of the tank circuit. Among the applications of this type of sensor are
monitoring stent integrity after an endovascular repair procedure [13] and measuring
pressure in automobile tires [14].

Another class of passive stress/strain sensors is based on amorphous
magnetoelastic materials. When exposed to a time varying AC field, magnetoelastic
materials vibrate due to the magnetoelastic effect. The magnetoelastic effect also causes
the vibrating magnetoelastic material to generate a magnetic flux that reaches a peak at its
mechanical resonant frequency [15,16]. When an internal stress is applied, the resonant
frequency of the strip becomes stress dependent, and, as an example, has been used to
determine atmospheric pressure [15,16]. This sensor is not only passive and wireless, but
also low cost and long lasting. However, the strip itself must be stressed (by bending) to
act as a sensor and there is no reliable way to control its sensitivity.

A strain sensor was developed using magnetoelastic materials by Kouzoudis and
Mouzakis [17]. A Metglas 2826 MB ribbon was attached on an epoxy resin slab and
exposed to vibrations of varying amplitudes and frequencies. Due to its magnetoelastic
property, the vibration of the magnetoelastic material caused a change in its
magnetization stages, which was remotely picked up by a nearby detection coil. The
sensor was demonstrated to have a strain gauge factor of 11,700 at a vibration frequency
of 150 Hz.

Due to magnetic softness, amorphous magnetoelastic materials also generate
higher order harmonic fields (magnetic fields at multiple frequencies of the excitation
field) when under the excitation of a low frequency AC magnetic field [18]. To visualize
the higher-order harmonic fields, the magnetoelastic material is generally excited by a
steady AC magnetic field along with a sweeping DC biasing field. The biasing field alters
the magnitude of the higher order harmonic fields and thus produces a distinct pattern as
shown in Figure 5.1. In the previous work, it was shown that the amplitude of the higher-
order harmonic fields increased when force was applied along the length of a

magnetoelastic strip [19].
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Figure 5.1 The (a) 2™ order harmonic field and (b) 3rd order harmonic field measured as a function of

an applied DC field with and without an applied force.

This paper describes a force monitoring system that tracked the changes in the 2nd
order harmonic amplitudes of an array of magnetoelastic strips. By using an array of
magnetoelastic strips, the new system is able to monitor not only the total contact force
on the surface, but can also determine the force distribution on the surface. In contrast to
the previous work [18], force was applied directly onto the surface instead of along the
length of the magnetoelastic strip. Similar to the previous work, however, the application
of force on the magnetoelastic strip surface resulted in an increase in the 2™ order
harmonic field (see Figure 5.1).

By capturing the response of each strip, the system could identify the position and
magnitude of the applied force. This sensing system was not only wireless and passive,
but also simple to implement since it was nothing more than an array of magnetoelastic
strips directly applied onto the desired surface. The process reduces cost and will allow
for the production of long lasting sensors for a variety of applications.

It is worth noting that the presented sensor differs from other devices based on
magnetoelastic materials, such as those described by Kouzoudis and Mouzakis [17] in
terms of operating principle, ideal application, and strengths and weaknesses. For
instance, to obtain good sensitivity, Kouzoudis’ sensor system required the substrate to
vibrate and the sensor sensitivity was also proportional to the vibrational frequency. The

described sensor, on the other hand, does not require the substrate to vibrate, and its
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sensitivity is largely related to the magnetoelasticity of the material. Moreover, unlike
Kouzoudis’ system, the described sensor uses the higher-order harmonic signals from the
material to track pressure and stress. The use of higher-order harmonic signals can
significantly remove the background excitation signal, thus increasing the signal to noise
ratio. Furthermore, the major applications for both technologies are different due to the
differences in their operating principle. Thus, the described sensor is better suited for
stress and pressure monitoring while Kouzoudis’ sensor system is ideal for strain

monitoring.

5.2 Experiments
5.2.1 Sensor Fabrication and Experimental Setup

The sensor, illustrated in Figure 5.2, was cut from a block of polycarbonate
material and measured 47 mm x 56.5 mm X 12.2 mm. Metglas 2826MB ribbon
(Fe4oNizgMo4Bg), purchased from Metglas Inc, Conway, SC, USA, was used as the
magnetoelastic stress sensing material due to its large magnetostriction (>12 ppm), high
permeability (>50,000), and low magnetic coercivity. Three sensing strips were sheared
from a 26 m thick Metglas ribbon to 50 mmx 5 mm, and were adhered to the upper
surface of the block using cellulose adhesive tape (50 m thick). Adhesive tape was found
to introduce less internal stress than glue or epoxy, thus preserving sensor-to-sensor
reproducibility. For convenience, these sensing strips were labeled Strip 1, 2, and 3

respectively.
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Figure 5.2 The sensor was comprised of three magnetoelastic sensing
strips affixed to a polycarbonate substrate.

An automated pneumatic mechanical loader (see Figure 5.3) was constructed to
apply controllable force to each strip of the sensor. Figure 5.3 also illustrates the control
elements of the automated system. A manual air control valve allowed for adjustments to
the overall air flow into the apparatus. Following the main valve, the air was split
between an EVP series Proportional Control Valve (Clippard Instrument Laboratory, Inc.
7390 Colerain Ave., Cincinnati, Ohio 45239) and a pneumatic piston. Opening or closing
the EVP valve by increasing or decreasing the voltage from a connected Kepco 10 V
Programmable Power Supply altered the volume of air flowing to the pneumatic piston.
This in turn affected the force applied by the piston. Applied force was monitored using a
Measurement Specialties FC23 Compression Load Cell, placed between the load
applicator plate and the piston. An Extech 382202 DC Power Supply provided the input
voltage to the load cell and applied force data was monitored and transferred to a PC
using a Hewlett Packard 3478 A Multimeter. A custom Visual Basic program calculated
the difference between the actual applied force and the desired force which was then
altered using an integral control algorithm to produce an appropriate change in voltage to
be sent to the EVP valve. The system provided repeatable loading with a range of 0—
355.86 N and was capable of adjusting the force by 4.44 N + 1.11 N. In addition to
automated force loading, the system and Visual Basic program allowed for simultaneous
collection of sensor responses from the detection coils. It is worth noting that the range
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and weight increment of the system were set for the purposes of this testing by adjusting
the air pressure into the system, the air flow at the main regulator, the coefficient used in
calculating the change in voltage to the EVP valve, and the time allowed between weight

increments for the system to settle.
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Figure 5.3 The mechanical loader housed the sensor and
allowed for incremental loading of the sensing strips. The
total applied force was measured with a load cell.

Rectangular detection coils consisted of a functioning coil connected to an
oppositely wound compensating coil in series, both made of 100 turns of 36 gage copper
wire. The individual coils measured 12.0 mm % 17.6 mm x 4.3 mm. For convenience, the
detection coils were labeled Coil 1, 2, and 3 according to the strip being measured (see
Figure 5.2), and the compensating coils were similarly labeled Compensating Coil 1, 2,
and 3. During the experiments, Strip 1, 2, and 3 were aligned to the centers of Coil 1, 2,
and 3, respectively.

The sensor was secured within the mechanical loader and the apparatus was
positioned directly in front of the detection and excitation coils. As illustrated in Figure
5.4, the detection coils were connected to an Agilent spectrum/network analyzer 4396B
to capture the signal for the PC (through a custom Visual Basic program and GPIB
interface) for further analysis. The excitation coils consisted of two superimposed 50 turn

18-gauge coils (28 cm in diameter) that provided the AC and DC excitation fields. One
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coil was connected to an AC function generator (Fluke 271 10 MHz) and an amplifier
(Tapco J1400), while the other coil (DC) connected to a Kepco MBT 36-10 MT power
supply. In all tests the AC field was 150 A/m, 200 Hz and the DC field was 0-250 A/m.
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Figure 5.4 The full experimental setup illustrating the excitation coils and
the detection coils. During the experiments, the mechanical loader (not
shown here) and the test substrates were placed directly in front of the
detection coils so Strip 1, 2, and 3 were directly aligned to Coil 1, 2, and 3,
respectively.

5.2.2 Experimental Procedure

The response of each magnetoelastic strip was collected while the total applied
load increased from 0 to 266.89 N and then decreased to 0 N at weight increments of
22.24 N. During the experiment, data was collected simultaneously from all coils
following a short period to allow the piston to reach the desired load and stabilize there.
The collected data was then zeroed to a common starting point by subtracting a zero load
value obtained from the first data point. This procedure was repeated for a variety of
loading conditions created by placing rubber inserts over specified strips, thus producing
conditions where in some strips were loaded and others were not.

In addition to changing with the application of force, the response of the sensing
strips also varied as a function of relative location from the detection coils. To investigate
the effect of changing sensor location, strip responses were measured while moving the

mechanical loader incrementally on the x, y, and z axes of a rectangular coordinate
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system. The origin of the coordinate system was defined as the exact center between Coil

2 and Compensating Coil 2 (see Figures 5.3 and 5.4).

5.2.3 Theory

The pressure sensitivity of the magnetically soft magnetoelastic material can be
explained by the magnetic susceptibility (y), which is the ratio of saturation
magnetization (M) to anisotropy field (H) expressed as [20]:

=M /Hy (1)
The anisotropy field of a magnetic material can be related to the tensile stress along the
magnetization direction as [16]:

Hy=Hyy- 34,0,/ M )
where Hjyis the anisotropy field at zero stress, 4, is the saturation magnetostriction of the
material, and o is the tensile stress along the magnetization direction, which is also along
the length of the sensor.

Equation (2) describes the change in anisotropy field due to the tensile stress
along the sensor’s length; however, for this particular application, force was loaded on
the dominant surface of the ribbon shape sensor (along the z-direction shown in Figure
5.2). Therefore, the transverse stress on the sensor surface (z-direction) was related to the

tensile stress along the sensor length (y-direction) using the Poisson’s ratio v as:

o,=20,/v 3)
Note that a scaling factor of two was added in Eq. (3) to compensate for the fact that only
one side of the sensor was being stressed.

As shown in Eq. (2), increasing stress decreases the anisotropy field of a magnetic
material, assuming the anisotropy energy and the saturation magnetization stay constant.
The change in anisotropic field has a direct impact on the measured signal amplitude of
the n-th order magnetic harmonic field (4,), in Volts, which can be described by the

Nae . (nnHk) |
Sin 4
nHj hae ( )

T

equation [17]:

A, /" Hac/hac ¢ o5 (7rn) -

__ kLBsw
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where L is a variable that accounts for sensor-coil coupling, By is the saturation induction
flux (for ferromagnetic materials, B ~ M), w is the radian frequency of the fundamental

order, A, is the AC excitation field, and H,. is the DC biasing field. Under an externally
applied load, the sensor material deforms and generates an internal stress. Egs. (1) — (4)
indicate that stress causes a change in magnetic anisotropy, which alters magnetization

and changes the higher-order magnetic fields allowing for remote detection of pressure.
As indicated in Eqgs. (1) and (2), y is inversely proportional to A}, which decreases

linearly with increasing o;. As a result, the susceptibility of the material is expected to
show an exponential pattern with increasing stress and eventually converge on an
asymptote at infinity as Hj approaches zero. While theoretically this represents an infinite
increase in susceptibility, and thus an infinite increase in the 2" order harmonic
amplitude, realistically the change in the susceptibility and the 2" order harmonic
amplitude will more likely resemble an upper bounded decaying exponential curve since
the susceptibility will experience a much slower change when the anisotropy has reached

a near zero state.

5.2.4 Determination of the Force Loading

An algorithm was developed to determine the force loading on each
magnetoelastic strip based on the measured 2" order harmonic amplitudes. Since the
measured 2™ order harmonic amplitudes of the magnetoelastic strips were expected to
follow an upper bounded decaying exponential function with increasing stress, upper
bounded decaying exponential curves were used to fit the measured data. Due to the close
proximity of the magnetoelastic strips to one another, the stress response of each
magnetoelastic strip was also dependent on the loading conditions of its neighboring
strips. This result is expected, based upon the simple fact that neighboring magnetic
fields will interact with one another. Therefore, assuming the strip-to-strip cross
interference is cumulative at a given detection coil, the measured 2" order harmonic
amplitude of magnetoelastic Strip i (measured by the i detection coil) was represented

by the summation of the responses of all strips as:
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Si=%L, Ay (1-¢") (5)
where S; is the measured 2™ order harmonic amplitude at Coil i, Aj; s the peak amplitude
measured at Coil 7 when only strip j is at maximum loading, a;; is the decay coefficient (at
Coil i when strip j was loaded), and f; is the applied force at Strip ;.

Equation (5) consists of three upper bounded decaying exponential equations with
three unknowns. To solve Eq. (5), a simple iterative method was developed to identify f;
for a set of given S;. Starting with a set of estimated force loading, the iterative process
determines the difference (0;) between the calculated S; from Eq. (5) and the measured
signal §; as:

0;=S;(Calculated)-S;(Measured)=S,= Zf: 14 (] -e'ai'ff’) -S:(Measured)  (6)
A zero ¢ for all strips indicates the correct input for the force loadings; in contrast, a non-
zero O indicates there is an error in the calculated force loadings. The erroneous force

loading g; is determined from ¢; as:
51' :Azj (]-e'aifgf> (7)

The new estimated force loading f ;H is determined by subtracting the current force

loading to the erroneous force loading g;:

it gy gy log(1-0i/45)
Y A —

(8)

Equations (6) and (7) are iteratively solved until fjt+1 — [, <&, where ¢ is the acceptable

error of the iterative solution.

5.3 Results and Discussion

Figure 5.5 plots the signal recorded by Coil 1, 2, and 3 when rubber inserts were
placed on Strip 1 (Figure 5.5(a)), 2 (Figure 5.5(b)), or 3 (Figure 5.5(c)), respectively.
These results indicate that when the magnetoelastic strips were under direct force

loading, the signal recorded by their corresponding coils increased following an upper

bounded decaying exponential function: a(] -e‘x), confirming the theoretical behavior of
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the strips described previously. Also noticeable is that in Figure 5.5(a), the stress
response measured at Coil 2 was not zero, but instead was about 25% of the stress
response measured at Coil 1, even though Strip 2 was not loaded. This is due to
interference from Strip 1. In contrast, Coil 3 measured a zero response because the
interference from Strip 1 was shielded by Strip 2 before reaching Strip 3. Figure 5.5(c)
shows a similar response as Figure 5.5(a) since the sensor was symmetrical; however,
the response at Coil 3 was slightly lower compared to Coil 1 due to minor differences in
physical dimensions between Coil 1 and 3.

Similarly, Figure 5.5(b) indicates that Strip 2 interfered with measurements at
Coil 1 and 3. Ideally, the measurements at Coil 1 and 3 should be identical but the
response at Coil 3 was slightly smaller than Coil 1 due to differences in coil dimensions.
Also, compared to Figure 5.5(a), the change in harmonic amplitude was higher when
Strip 2 was loaded since Strip 2’s response was interfered with by both Strip 1 and 3,
while in Figure 5.5(a) only Strip 1 interfered significantly with Strip 2.
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Figure 5.5 Changes in the 2" order harmonic amplitude captured by Coil 1, 2, and 3 when only Strip 1 (a),
2 (b), or 3 (c) was loaded, respectively.

After determining the coefficients 4; and a;;, the performance of the iteration
process was examined. To prevent measurement errors from affecting the iteration
process, all input measurements S; were calculated using Eq. (5). Figure 5.6 plots the
estimated force loadings for all strips at each iteration step (initial force loadings were set
to zero). It was found that the performance of the iteration process degraded with
increasing force loading and that in the worst case scenario (156.58 N loading), the error

(¢) was 0.35% after 1000 iterations and 0.0075% after 2000 iterations.
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Figure 5.6 Force loading on the magnetoelastic strips
estimated by the iterative process as a function of iteration
step. The numbers in the figure are the expected
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To determine the performance of the whole sensor system, all magnetoelastic
strips were loaded and the responses from Coil 1, 2, and 3 were measured
simultaneously. The measurements were then fed into Egs. (6) and (8) to iteratively solve
for the force loading on each strip. Figure 5.7 plots the absolute percentage error between
the actual and calculated forces on all strips at different force loading conditions.
Although the iteration process has an error of only 0.0075% after 2000 iterations, due to
uncertainties in the measured data and other experimental errors, the calculated force has
a 10% error when compared to the measured force. One source of error was from the
current method of force application. Rubber inserts were used to distribute load on the
strips. When the rubber inserts were placed on different strips, the force distribution was
assumed to be equally distributed among the strips. In practice, some strips may
experience more force than the others due to slight imbalances of the loading plate. As a
result, the measured force on each strip might vary slightly from the actual load on the
strip. Another source of error was the exponential nature of the data. As shown in Figure
5.5, the sensitivity of the sensor decreased with increasing force loading as the upper
bounded decaying exponential curve saturated. As a result, the accuracy of the sensor

decreased, especially in high load regions, leading to larger errors.
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Figure 5.7 The percentage error between the actual and
calculated forces on all strips at different force loading
conditions.
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In addition to characterizing the sensor response under loading and analyzing the
developed algorithm, the effects of movement on sensor response were also analyzed.
The signal at Coil 2 was recorded and presented in Figure 5.8 when the sensor was
incrementally moved on the x, y, and z axes. While moving along the x-axis, the
measured amplitude increased when each sensing strip was closer to the center of the coil
and then decreased as that center passed. This result was observed three times
(corresponding to the 3 strips) followed by a sharp decrease toward zero. A similar result
was seen along the z-axis; however, in this case the rising and falling of the response
occurred as Strip 2 moved within Coil 2 and Compensating Coil 2. As expected, the y-

axis testing demonstrated a gradual signal decrease with distance.
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Figure 5.8 Response of sensor when incrementally
moved along the x, y, and z-axes.

From Figure 5.8, it is evident that the location of the detection coils played a
critical role in the accuracy of the system. In the experiment, the location of the sensor
was fixed with respect to the detection/excitation coils. However, in practical use, the
user may not be able to position the detection coils accurately. To ensure integrity of the
measurement, the user will be able to move the coils around the sensor until the system
picks up the maximum signal, indicating the correct orientation of the sensor.
Alternatively, it is possible to place a calibration sensing strip, which can be parallel to
the stress-responsive sensing strips but at a position that is insulated from force loading,

85



such that all measurement data is calibrated from the calibration sensing strip to eliminate

the location effect.

5.4 Conclusion

The fabrication and testing of a wireless passive sensor system for monitoring the
applied force on a hard surface has been presented. The sensor was tested from 0 to
226.89 N with experimental data demonstrating an exponential increase in the 2™ order
harmonic amplitude of magnetoelastic sensing strips as pressure increased. It was
demonstrated that neighboring strips have an interference effect which contributes to the
overall sensor reading at a given coil. Additionally, a simple iterative algorithm was
developed to determine the applied force on all sensing strips by examining the signals
captured by the detection coils.

Future works include the design and fabrication of a more complicated sensor,
which will include strips forming a sensing grid, and a more sophisticated algorithm to
accommodate the more complex sensor structure. In addition, a new process, such as
electroplating or screen printing, will be developed for fabrication of the sensing strips to

reduce sensor-to-sensor variability.
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Chapter 6 A Wireless Passive Magnetoelastic Force Mapping System

for Biomedical Applications

Brandon D. Pereles, Andrew J. DeRouin, Keat Ghee Ong*
Department of Biomedical Engineering, Michigan Technological University

1400 Townsend Drive, Houghton, MI 49931, USA.

Abstract

A wireless, passive force—-mapping system based on changes in magnetic permeability of
soft, amorphous Metglas 2826MB strips is presented for long-term force/stress
monitoring on biomedical devices. The presented technology is demonstrated for use in
lower limb prosthetics to ensure proper postoperative fitting by providing real-time
monitoring of the force distribution at the body-prosthesis interface. The sensor system
consisted of a force-sensitive magnetoelastic sensing strip array that monitored applied
loading as an observed change in the peak amplitude of the measured magnetic higher-
order harmonic signal of each array element. The change in higher-order harmonic signal
is caused by’ the change in the magnetic permeability of the sensing strips that
corresponds to an increase in strip magnetization. After loading, the measured higher-
order harmonic signals were fed into an algorithm to determine the applied forces,
allowing for determination of the real-time loading profile at the body prosthesis

interface. [DOI: 10.1115/1.4025880]

Keywords: magnetoelastic materials, magnetic harmonic fields, sensor array, lower limb

prosthesis, force sensor

6.1 Introduction

3“The material in this chapter was previously published in the Journal of Biomechanical Engineering.”

Pereles, B.D., DeRouin, A.J., and Ghee Ong, K., 4 Wireless, Passive Magnetoelastic
Force—Mapping System for Biomedical Applications. Journal of Biomechanical
Engineering, 2013. 136(1): p. 011010-011010. Published originally by ASME.
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A major concern for amputees with prosthetics is pressure induced ulceration at
the residuum (stump). A variety of hypotheses exist to explain pressure ulcers, such as
long-term compression of tissue resulting in blood-flow occlusion and tissue ischemia or
inhibition of the lymphatic system preventing the removal of harmful toxins and waste
products [1]. When ulceration occurs, the effects can range from minor skin irritation to
tissue death [2]. In all of these instances, patients may be required to stop using their
prosthetic until their tissue has healed, significantly interfering with daily activities [3].
As a result, the design of the prosthetic, in terms of load bearing and sleeve/liner
selection, plays a critical role in maintaining patient health.

The first preventative measure against pressure ulceration is a properly fit and
designed prosthetic. In order to accomplish this, technologies capable of providing
quantitative analysis of force distribution during the fitting process have been developed.
For instance, the Rincoe Socket Fitting System, Tekscan F-Socket Pressure Measurement
System, and the Novel Pliance 16P System are all commercially available pressure-
mapping systems aimed at ensuring a properly fit prosthetic by providing quantitative
information on the force distribution between the patient stump and prosthetic [4]. The
Tekscan F-Socket and the Rincoe Socket Fitalso been developed to maintain force
distribution and fit. For instance, a prosthetic capable of changing volume and hardness
was developed to account for changes in stump volume and misalignment issues [8]. The
system incorporates bags filled with magnetorheological fluid into the prosthetic.
Hardness is altered as a result of changes in fluid viscosity in response to an external
magnetic field, while volume can be controlled by inserting or removing the
magnetorheological fluid. However, while the device was reported to function better than
a total surface bearing (TSB) socket in a single patient trial, this system represents a
major redesign of current socket systems [8].

With a properly fit prosthetic, the challenge then becomes maintaining proper
force distribution and fit. To that end, common practices, such as using prosthetic sleeves

and liners, have been reported to improve suspension and comfort [6], but their
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effectiveness in terms of prevention of ulceration and other related issues is mixed [7]. In
addition, a variety of smart prosthetics have also been developed to maintain force
distribution and fit. For instance, a prosthetic capable of changing volume and hardness
was developed to account for changes in stump volume and misalignment issues [8]. The
system incorporates bags filled with magnetorheological fluid into the prosthetic.
Hardness is altered as a result of changes in fluid viscosity in response to an external
magnetic field, while volume can be controlled by inserting or removing the
magnetorheological fluid. However, while the device was reported to function better than
a total surface bearing (TSB) socket in a single patient trial, this system represents a
major redesign of current socket systems [8].

These preventative systems and technologies are, unfortunately, still only
preventative and typically lack capacity for long-term monitoring and identification of
the conditions that will lead to ulceration. Some technologies have been deployed to meet
this need. For instance, a sensor system for wireless, long-term continuous monitoring of
forces on lower-limb prosthesis utilized a commercial transducer attached to a custom leg
prosthesis. The system was reported for wireless use up to 700 m outdoors and was
capable of monitoring experienced forces along the relative x, y, and z axis in addition to
the moments acting on the prosthesis during a variety of activities [9]. However, in
addition to requiring significant modifications to existing prosthetics, the system did not
collect data directly at the socket-stump interface and instead monitored from the shaft
portion of the prosthetic [9]. Another long-term monitoring system utilized parallel plate
capacitors comprised of drive and sense electrodes patterned onto printed circuit boards.
The plates were separated by a 2x2 array of pillars [9]. When a compressive or shear
force was applied to the sensor, the relative position of the plates changed, altering the
measured capacitance. The sensitivity and range of the sensor could be controlled by
altering the overall size of the device and the dimensions of the pillars [10]. While this
device could be simplistically deployed in a prosthetic sleeve, the fabrication method was

complex and the sensor was neither wireless nor passive.
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The developed system is presented here for deployment on lower-limb prosthetics
as a multipoint force-mapping system. The experienced force on the residuum can be
more accurately observed by monitoring force at multiple points, allowing for better
identification of those conditions that might lead to tissue damage and confirmation of a
proper prosthetic fit. The wireless nature of this sensor technology allows for a
convenient and effective means to measure the force distribution at a device interface,
and since the sensor is passive, there are no battery lifetime issues. In addition, the sensor
itself is a thin layer of magnetic material that can easily be deployed on or in a
biomedical device without compromising mechanical integrity or requiring major
modifications to existing designs.  The application of the magnetoelastic force—
monitoring system was demonstrated on an Otto Bock Titan lower-limb prosthesis
donated by Northern Orthotics & Prosthetics Inc. (Houghton, MI). The metallic bottom
portion of the lower-limb prosthetic, shown in Figure 6.1, was identified as a desirable
location for deploying the force sensors, since the sensor would still experience forces
from the stump socket interface while illustrating the ease with which the system can be
deployed to an already existing system. After deploying the sensor, each array element,
measuring 37.54 mm x 3.58 mm x 23 um, was loaded. As illustrated in Figure 6.2, each
strip was capable of monitoring multiple loads by treating the front and back halves of
each sensing strip as separate load regions and assuming that the captured response, when
monitoring from either end, was only from the region closest to the detection coil. Using
external detection coils, the observed changes in the amplitude of the magnetic higher-
order harmonic fields, caused by the applied loading, were remotely monitored and fed
into a computer for analysis. A relationship was then empirically found between the
captured second-order harmonic amplitude associated with each loading area and the
applied force to those regions. Based on this relationship, an algorithm was developed to

appropriately identify the load in each region.
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Figure 6.1 The snr deployed on an Otto Bock lower limb
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Coil at 1 Coil at

Position 1\% : g Position 3
:

Region 1 Region 3

Region 2 Region 4
1

Coil at . Coil at

Position 2 1 Position 4

Figure 6.2 Illustration of the sensor strip
placement and the location of the regions
and monitoring positions where “region”
refers to the location of force application

6.2 Experiments

To excite and capture the second-order harmonic amplitude of the sensing strips,
an ac/dc excitation system, consisting of a Fluke 271 10-MHz function generator, an ac
amplifier (Tapco Juice), a Kepco bipolar power supply, and an Agilent spectrum/
network analyzer 4936B was used (see Figure 6.3). Additionally, the detection coil used
to capture the sensor response was 3.3 cm in diameter with 200 turns of 28-gauge wire,
while the excitation coil used to excite the sensor was 27.6 cm in diameter with 50 turns

of 18-gauge wire. During experiments, the sensor was placed within the mechanical

Pereles, B.D., DeRouin, A.J., and Ghee Ong, K., 4 Wireless, Passive Magnetoelastic
Force—Mapping System for Biomedical Applications. Journal of Biomechanical
Engineering, 2013. 136(1): p. 011010-011010. Published originally by ASME.

92



loader such that the sensing strip was centered on one of the detection coils within 60.5
mm. The function generator was then set to produce a 500-A/m, 200-Hz ac excitation
signal while the dc power supply excited the sensor with a 280-A/m field. The second-

order harmonic was measured by the spectrum analyzer at 400 Hz.

| o4 |
. I |
AC Coil D€ Coll — —
Force
DC Power Loading Sensor
Suppl 87
pply §g 44
Function §% 37.54
PC [aenerator[ ] Amplifier §? 7
[\ | Sensor -
| 3.58 25
%g Array
Network N7 — B
Analyzer Detection I 3' 3' 1 Coll
Coil
(a) (b)

Figure 6.3 (a) The experimental setup consisting of ac/dc excitation coils, function
generator, ac amplifier, power supply, spectrum network analyzer, and control box. (b) The
dimensions (mm) and locations of the sensors and coils.

As illustrated in Figure 6.2, the four sensing regions were named as region 1
(R1), region 2 (R2), region 3 (R3), and region 4 (R4). In the first set of experiments, the
detection coils were placed next to R1 and R3. In terms of loading the sensors, R1 and R3
were exposed to a changing load from 0.044kN to 0.133kN at 0.022kN intervals, while
constant loads were held on R2 and R4. After completing each loading cycle at R1 and
R3, the constant loads at R2 and R4 were increased at an interval of 0.022kN, and the
process was repeated until the constant loads reached 0.133kN (see Figure 6.4). After
performing each load cycle on R1 and R3 with different constant loads held on R2 and
R4, the experiment was repeated, this time holding R1 and R3 constant and varying the
applied loading on R2 and R4. Once this process was finished, the detection coils were

placed next to R2 and R4 and the procedure was repeated.
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Figure 6.4 Plot illustrating the loading procedure in
which a changing load is applied to R1 while a constant
load, changed between load cycles, is held on R2.

6.3 Results and Discussion

The effects of loading the sensor in this manner are plotted in Figures 6.5(a) and
6.5(b). Loading at R1 and R3 resulted in an increase in the observed higher-order
harmonic fields, while loading at R2 and R4 caused an observed decrease in the overall
sensor response. These effects were further illustrated when repeating the same

experiments while monitoring from R2 and R4 (see Figures 6.6(a) and 6.6(b)).
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(a) (b)

Figure 6.5 An increasing sensor response was observed while monitoring from (a) coil 1 and (b) coil 3
with a changing load applied to R1 and R3 and constant loading applied to R2 and R4.
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Figure 6.6 A decreasing sensor response was observed while monitoring from (a) coil 2 and (b) coil 4
with a changing load applied to R1 and R3 and constant loading applied to R2 and R4.

A clear observation from Figures 6.5 and 6.6 is that the location of force loading
produced different sensor responses when monitored from different positions. For
example, increasing force loading on R1 caused an increase in harmonic amplitude when
monitored from R1 (see Figure 6.5(a)), but the same force loading caused a slight
decrease in harmonic amplitude when monitored from R2 (see Figure 6.6(a)), even
though R1 and R2 are on the same strip. This can be explained by the relationship
between applied stress and magnetic permeability. As a result of Metglas 2826MB’s
positive magnetostriction, the effect of applied loading normal to the surface of the
sensing strips increases magnetic permeability. When differing loads are applied to
separate regions of the strip, the material, in essence, experiences a non-uniform change
in magnetic permeability. The magnetic field monitored from either end of each strip will
then increase or decrease depending on the loading of both regions. This is illustrated in
Figure 6.5, where the sensor response is monitored from R1 and R3 and a changing load

is applied. Since the loading applied to R2 and R4 only changes between loading cycles,
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the effect is an increase in amplitude during load testing as the magnetic permeability at
R1 and R3 increases. However, a change in the applied loading at R2 and R4 results in an
overall decrease in sensor response as the internal magnetization of the strips shifts
toward R2 and R4. A similar effect is observed in Figure 6.6 when the same experiment
is monitored from R2 and R4, where the constant loading was applied. In this testing, the
increasing permeability of R1 and R3 leads to a decreasing observed response during
load cycles with an increasing overall sensor response with changing constant loads at R2
and R4.

Using the collected data, an algorithm was empirically developed to determine
applied loading in all regions. Figures 6.5 and 6.6 were first curve-fitted with decaying
exponential equations,

S; = A1 —e B + ¢ (1)
where S is the sensor response, 4 is the peak amplitude, B is the slope of the curve, C is
the y-intercept of the curve, f'is the applied force, and i is the region being loaded. After
performing this curve fitting, it was determined that the values of 4 and B were nearly
constant between curve fits, while the value of C was affected from loading on the
opposing region of each strip. The dependency of C towards force loading at the opposite
region can be described with

C;=ai(1—ebfed)+¢ i<3 (2a)

C=a(1—ebfo-d)+¢ i>2 (2b)
Coefficient values for 4, B, a, b, and ¢ were then determined empirically from curves in

Figures 6.5 and 6.6, completing the algorithm.
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Figure 6.7 The raw sensor data was recalculated using the developed algorithm for testing, where a
changing load was applied to R1 and R3 and a constant load was held on R2 and R4 when monitoring
from (a) coil 1, (b) coil 3, (¢) coil 2, and (d) coil 4.

To determine force loading (f;) from the measurements (S;), the algorithm used an
iterative process. As an illustration, to determine f; and f, the algorithm first started with
R1 (i=1) and set an initial value for f; (e.g., f> =0) in Eq. (2a) to solve for C,. The
calculated C, was then plugged into Eq. (1) to solve for a predicted f,. The calculated />
was then used in Eq. (2b) to solve for C;, which was then substituted into Eq. (1) to solve

for a new f;. This process was repeated until the calculated values for the expected forces
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and coefficients satisfied Egs. (1) and (2) within an acceptable error. Using this method,
the algorithm was used to recalculate the raw sensor response with a<1% maximum error
(see Figures 6.7(a)—6.7(d)). Additionally, the maximum error of calculating the expected
forces from sensor data was determined as less than 7% (see Figures 6.8(a)-6.8(d)). To
reduce this error in future works, more rigorous calibrations and higher-resolution solving
methods will be developed. Additionally, while the sensor illustrated little drift when
loaded cyclically, the effects of changing position in relation to the detection coils on
sensor response will need to be accounted for, as previous work has demonstrated that
position does have an effect on the magnitude of sensor response [11]. To account for
this, it is necessary for the sensors and coils to be properly aligned prior to use by
adjusting the coils on unloaded sensors until receiving the expected signals. An
alternative technique is to develop a calibration algorithm using another non-loaded
sensor strip as a force-independent input parameter.

Figure 6.9 plots the change in measured harmonic amplitude at R1 when R1 was
cyclically loaded from 0.044 kN to 0.133 kN. The sensor illustrated little drift when
loaded cyclically. To characterize the stability of the sensor when under repetitive and
changing loads at both ends of the sensor strip, the response at R1 and R3 was also
monitored while force loading was cycled at R1 and R3 from 0.044 kN to 0.133 kN (five
measurements were taken at each force loading) while force loading at R2 and R4 was
held constant. Force loading at R2 and R4 was then increased at an interval of 0.022 kN
after completion of each cycle at R1 and R3. Figure 6.10 illustrates that the sensor
response showed symmetric “stepped pyramids,” indicating low hysteresis and drift.
There is also a consistent decrease in amplitude for each stepped pyramid, indicating that
increased loading at R2 and R4 decreased the sensor signal when measured at R1 and R3.

This is consistent with observations in Figure 6.5.
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Figure 6.8 The applied loading was recalculated using the developed algorithm for testing, where a
changing load was applied to R1 and R3 and a constant load was held on R2 and R4 when monitoring
from (a) coil 1, (b) coil 3, (¢) coil 2, and (d) coil 4.
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Figure 6.10 Stability testing of the sensor while applying a changing load from 0.044 kN to 0.133 kN
at (a) R1 and (b) R3 with constant loads, changed at 0.022kN intervals between load cycles, held on
R2 and R4. The sensor responses were monitored from coil 1 and coil 3 and illustrated stepped
pyramid responses with low hysteresis and drift.

6.4 Conclusion
A wireless, passive sensor system capable of mapping the force on biomedical
devices was developed. The proposed system was constructed with custom rectangular

magnetoelastic sensing strips capable of measuring applied forces on two quadrants of a
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single strip simultaneously. In order to illustrate the ease with which the sensor system
can be deployed, the sensor was adhered to the lower portion of a prosthetic.

These advances are important due to the lack of wireless, long term monitoring
systems available to medical staff to diagnose force-related device malfunctions and
failures. Overall, this device could drastically improve the quality of care for patients
implantable device and assist in the further development of better implants and devices,
such as prosthetics, by contributing to the understanding of the dynamic loads that
biomedical devices experience.

Future works will focus on developments toward full in vivo testing, as illustrated
in Figure 6.11. Specifically, a process for fabricating more consistent sensor arrays, as
opposed to the current shearing method, along with electronics capable of being attached
to existing prosthetics will be pursued. Additionally, while the presented algorithm is
fully functional, improvements will be necessary when the array is expanded to include
more strips. Moreover, the current detection system connects directly to a personal
computer (PC) for data processing and storage, and in the future, portable battery units,
memory storage, and wireless data transmission to the PC will be incorporated into the

system to develop a truly portable sensing platform.

Socket
( 2
l)cm(.:non P —
coils
Electronics

Shank

Figure 6.11 Illustration of the implementation of the stress/force monitoring system. To wirelessly monitor
responses of the sensors, the system will feature attached electronics, including a power supply, excitation
circuitry, and transceiver for wireless data transmission. The excitation/detection coils will be attached to
the prosthetic, with the sensing strips sandwiched in between the coupler that connects the shank to the
socket.
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Nomenclature

A = peak amplitude

B = slope of the curve

C = y-intercept of curve

f=applied force

i = region being loaded

S = sensor response
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Chapter 7 Future Works

Chapter Overview

The focus of this chapter is to present future work on the magnetoelastic
resonance technology. Immediate tasks include further validation of the theoretical work,
as well as refinement of the sensor design. Additionally, analysis of the effects of applied
loading on the sensor’s magnetic properties shall be pursued. Moreover, expansion of the
ANSYS model as well incorporation of higher-order harmonic resonance modes into the

developed sensor technology should be investigated.

7.1 Surface Contact Characterization

To further evaluate the theory presented in Chapter 2, analysis of the actual
surface conditions at the contact interface can be investigated. Specifically, atomic force
microscopy and/or scanning electron microscopy can be used to determine physical
properties of the materials, such as the surface roughness, for more quantitative analysis
of the interface contact mechanics. Additionally, the impact of the surface roughness at
the interface between the load applicator and the sensor strip, as well as between the
sensor frame and the load applicator, could be investigated. The effect of surface
roughness was investigated by changing which side of the sensor strip (each sensor strip
has a rough side and a smooth side) was in contact with the load applicator and the
smooth sensing frame. This testing illustrated a minimal effect on sensor response when
the roughness of the load applicator is similar to the sensor frame (see Figure 7.1a),
while a significant difference was observed when the load applicator is rougher than the
sensor frame (see Figure 7.1b). This results from the fact that when both the sensor
frame and load applicator are smooth, there will always be a smooth to smooth and a
smooth to rough interface on either side of the sensing strip, regardless of its orientation.
On the other hand, when the load applicator is roughened, there will either be a smooth to
smooth and a rough to rough or a smooth to rough and a rough to smooth interface on

either side of the strip, depending on its orientation.
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Figure 7.1 The effect of changing which side of the sensor strip was in contact with (a) a smooth applicator
head and (b) a roughened applicator. During both tests the sensor frame remained smooth.

7.2 Improving Applicator Design

To further improve the magnetoelastic sensor technology, modifications to the
applicator design can be investigated. For instance, to improve the ability of the sensor to
handle non-normal and non-centered loading, the applicator can be modified to mimic
commercially available load cells which make use of button designs for the load
applicator. This design allows the sensing element to primarily experience a normal load
even when the applied loading is at an angle and/or not centered. In addition to this, the
effectiveness of the current load sharing configuration can be further evaluated to either
validate the current design or identify improvements. Furthermore, changes to the
material comprising the applicator can be investigated. Specifically, in terms of materials
and fabrication methods, the presented work focused on the use of polycarbonate and a
table top CNC Micro Milling Machine. By exploring other fabrication procedures such as

injection molding, a variety of other materials can be tested.

7.3 Magnetic Evaluation of the Sensor Technology

Further analysis of the resonance sensor’s magnetic properties can be investigated
as part of future works. For instance, according to the Villari effect, an applied stress to a
magnetoelastic material results in a change in the material’s permeability. Theoretically,

the developed resonance sensor may be responding to an applied load with an increase in
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resonant frequency due to a change in material permeability. Preliminary testing has
already been performed and can be seen in Figure 7.2. In this testing, the 2" order
harmonic amplitude of the sensor under an applied 200 Hz AC magnetic field was
observed at different applied loads. The results indicate that a change in permeability is
may be occurring with applied loading; however, the extent to which this theoretical
change in permeability actually affects the resonant frequency would need to be further

investigated.
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Figure 7.2 The change in amplitude of the 2" order
harmonic of a 30.5 mm long sensing strip was monitored
while loaded from 0 N to 133 N at 22 N intervals to
analyze the effect of applied loading on sensor
permeability.

7.4 Evaluating DC Field and Temperature Dependence

The literature reports several methods for ensuring or calibrating a resonating
magnetoelastic sensor’s response to account for changes in the applied DC biasing field
and/or the experienced temperature. Previous work shows that adjusting the DC field can
make the sensor temperature independent. Shifts in the higher order harmonics can only
occur in the presence of an additional DC field source, thus allowing for a calibration of
the sensing system [1]. However, as Figure 7.2 demonstrates, large loads shift the higher
harmonics, thus preventing this method from being used to calibrate the sensor [1].
Additionally, while other methods for removing the DC field and temperature
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dependence of this technology have been reported [2], they function under the traditional
assumptions previously discussed and, as a result, may also not be suitable to the

developed technology.

7.5 Expanding the ANSYS Model

While simplistic analysis using ANSYS was performed, future works will include
the development of a more complex ANSY model. In particular, future models will
incorporate an actual load applicator and the sensor frame into the model. However, in
order to accomplish this, certain properties, such as the friction between the sensing strips

and applicators, will need to be determined empirically.

7.6 Further Study of Higher-Order Harmonic Resonances
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Figure 7.3 A 71.0 mm long sensing strip was observed
from 0.0 kHz to 100 kHz in order to capture the 1%, 2" and
3" order harmonic.

In addition to the 1% or fundamental, harmonic resonance exhibited by a
resonating magnetoelastic sensor, higher-order harmonic resonances also occur at
multiples of the fundamental resonant frequency, as can be seen in Figure 7.3 which
demonstrates the 1%, 2™ and 3™ harmonic of a 71.0 mm long resonating strip.

Specifically, a resonating strip will have a number of nodes equal to its resonant mode
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(whole number multiple of the fundamental resonant frequency) and these nodes will be

positioned according to [3]:

L
x: —
2n(2m-1)

(D

where x is the location along the length of the strip, L is the length of the strip, 7 is the
harmonic number and m is a whole number between 1 and # representing each node for a
given harmonic resonance 7. In theory, a sensor array consisting of multiple strips of the
same length, monitored using a single external detection source, could be realized by
loading the higher order nodes such that the application of a load results in an increase in
the desired harmonic resonance n while damping out the other resonant peaks. This
principle is illustrated in Figure 7.4a which shows the resonance spectrum of a seven
clement array. Figure 7.4a is designed such that such that the varying line styles
correspond to the 1% and 2" mode of a 65.5 mm, 55.7 mm and 48.0 mm strip

respectively. As can be seen in Figure 7.4b, the application of a load to the node

corresponding to the 2" mode of these strips dampens the 1% order response.
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Figure 7.4 The (a) unloaded and (b) loaded response of a of a seven strip sensing array was captured in
order to illustrate that loads applied at the higher order nodes will damp out other resonant peaks.

Additionally, to further evaluate and demonstrate the possibility of incorporating

sensing elements loaded at the higher order nodes, a 55.0 mm and 71.0 mm long strip
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were analyzed by loading at the nodes of the 2" and 3" harmonic resonant peaks, see
Figure 7.5a-b. The results indicate a clear increase in resonant frequency with applied
loading, thus demonstrating the feasibility of using loading at higher order nodes in future

designs.
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Figure 7.5 Load testing was performed on a (a) 55.0 mm and (b) 71.0 mm long sensing strip at the 2
and 3™ order nodes, respectively. Results demonstrate a clear increase in resonant frequency with
applied loading.

7.7 Further Non-Uniform Loading Investigation

The theory presented in Chapter 2 explains why an applied loading at the nodes of
a resonating strip results in an increase in resonant frequency. However, the presented
theory is not sufficient to explain how changing the location of an applied load, at low
forces, along the length of the strip would result in an increased sensitivity, as per the
work presented in Chapter 4. It is reported in the literature that if a non-uniform mass is
applied at a position along the length of a resonating strip, an imbalance between the
acoustic wave velocities on either side of the node occurs. As a result, the position of the
node shifts toward the side of the sensor with the mass load, resulting in a reported
increase in resonant frequency [4]. Further investigations into the effects of non-uniform
mass loading on the resonant sensor response may allow for a deeper and more robust

understanding of the impact of non-uniform loads on the developed sensor system.
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7.8 Determining System Specifications

Sensor specifications such as sensitivity, dynamic range, and hysteresis will need
to be comparable or better to currently available systems. For instance, for commercial
applications, the Rincoe Socket Fitting System described in Chapter 1 makes use of force
sensing elements each with a resolution of 3.45 kPa, a full scale output of 83 kPa, and a
maximum sampling rate of 100 Hz [5]. The F-Socket describes in Chapter 1 has a
reported 165 Hz sampling rate with a full scale out of 700 kPa [5]. In terms of systems
designed for research, a system for monitoring interface mechanics at the stump socket
interface was developed by the Musculoskeletal Biomechanics Laboratory at Tel Aviv
University, Israel and Sensor Products Co. (NJ, USA). The mapping system was
comprised of 0.3 mm thick piezoresistive based force monitoring elements measuring
1.024 cm? in size and having an accuracy of 10%, repeatability of 2%, hysteresis of 5%,
and non-linearity in the sensor response of 1.5%. The peak load response of each element
was 700 kPa [6]. Another reported system consisted of an instrumented lower limb
prosthetic with thirteen custom load applicators strategically positioned at the residuum
socket interface. The presented system had a full-scale output of 350 kPa and a linearity
of 0.5% [7].

The presented technology already surpasses these sensors with a full scale output
of 1460 kPa per loading element; however, the resolution of each array element is
currently only 122 kPa. As discussed previously in Chapter 4, the resolution could be
modified by lowering the dynamic range, which can be achieved by altering the size of
the applicator head as well as the load sharing to increase overall sensitivity while
attempting to avoid large decreases in full scale output. Additionally, while the sensor has
illustrated an accuracy of less than 10% and nearly 5% hysteresis, making it comparable
to commercially available systems, this testing has not been performed according to
industry standards. As a result, further testing of these properties, in addition to analysis

of sensor to sensor repeatability and non-linearity of the system, could be performed.

7.9 Development of Portable Monitoring System
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As mentioned in Chapter 1, the amount and duration of loading are significant in
maintaining the health of patient tissue. As a result, part of future works could include the
development of a portable monitoring system which would allow for collection of
loading information not only briefly during a clinical trial, but long term throughout a

patient’s day.

7.10 Incorporation of Additional Monitoring Systems

As briefly mentioned in Chapter 1, parameters such as temperature and moisture
alter the effect of applied loading on patient tissue. As a result, in order to create a more
robust sensing platform, the incorporation of sensing strips capable of monitoring
temperature and moisture could be investigated. Both forms of monitoring have already
been illustrated for use with magnetoelastic resonant based sensors; however, in this case
the use of magnetoharmonic sensing may allow for closer contact with the patient’s
residuum. Such information could allow for a more thorough understanding of the effect

of external stimuli on the applied loading measured at the stump socket interface.
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Chapter 8 Conclusion

In response to the need for effective long-term load monitoring systems capable
of being embedded and observed wirelessly (Chapter 1), two magnetic based sensing
platforms were developed and reported. The first of the presented technologies
functioned based on observed increases in the resonant frequency of a vibrating
magnetoelastic material in response to applied loading. Unlike the majority of previously
developed magnetoelastic resonance based sensors, the developed sensor platform not
only experiences an increase in resonant frequency, but also operates using non-uniform
loading. This is accomplished as a result of an effective decrease in sensor length which
occurs with increasing loads (Chapter 2).

In terms of the actual sensor platform, the first development step focused on
fabricating a wireless passive load cell (Chapter 3). Results from the developed load cell
lead to the pursuit of a sensor design that would allow for monitoring of applied loading
at ranges relevant for prosthetic applications (Chapter 4). To accomplish this, loads were
applied at the node of a resonating strip with the expectation that this would allow for
monitoring within the desired range. In addition to characterizing the effects of altering
load applicator design and size, prototype testing was performed on a four element array
instrumented onto a 3D printed portion of a lower limb prosthetic sleeve. The sensor
performed with a maximum 10% error when comparing the actual applied total loading
to the recalculated loads.

The second sensor platform monitors applied loading by observing a change in
the amplitude of the higher-order harmonics of a Metglas 2826MB strip. This was first
utilized to develop a multi-element array for monitoring applied loading to a hard surface
(Chapter 5). This sensor consisted of three strips each monitored from a separate
detection element. A variety of loading combinations were applied to the strips in order
to evaluate the effect of neighboring strips on the response captured at each detection
element in addition to allowing for an evaluation of the ability to distinguish between
various loading combinations. The resulting algorithm was capable of identifying applied

loads while taking into account the effect of neighboring strips on sensor response.
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The developed sensor platform was then improved such that a single strip could
be used as a multi-point sensing array (Chapter 6). Specifically, by monitoring the sensor
response from either end of a sensing strip, the effect of loads applied on the front and
back portions of each strip were capable of being evaluated. Initial proof of concept
testing was performed by instrumenting two strips onto a portion of a lower limb
prosthetic donated by Northern Orthotics Inc.

Overall, both systems were capable of wirelessly and passively monitoring loads
within physiologically relevant ranges. Additionally, the presented magnetoelastic
resonance sensor platform represents an entirely new magnetoelastic based sensing
configuration and for this reason, future works (Chapter 7) focus primarily on this
technology. Specifically, future works aim to improve the physical design of the
resonance sensor in addition to performing more in-depth investigations to expand and
validate the theory presented Chapter 2. In summary, the presented work has
demonstrated the potential for these systems to be useful in clinical settings for long term

patient monitoring.
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