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Abstract

The field of smart insoles has seen tremendous improvement throughout the last
25 yearsdriven primarily bythe miniaturization of technology and introduction of/al
sensing method3.hese innovations have broadened the scope of applications in areas
such as general health monitoring, disease identification, and sports analysis. However,
despite these strides, many reseatchen insole advancements still suffer from
limitations, inclding rigidity, bulkiness, high costs, discomfort, and a focus on
measirements predominantly in the normal direction.

This research targets to address these shortcomings by developing a small, soft,
flexible, costeffective, resilient, and ergonomically designed insole system. Moreover,
the goal is to optimize sensing locations to enable {tiiraensional measurement
capailities, encompassing both normal and shear stress.

Three distinct iterations of insole designs were tested during this study, each
targeting improvements across the aforementioned parameters. The initial design
underwent experimental validation, achieving an average accuracy of 89.51% with a
maximum normated error metric of 16.41%. Subsequent iterations focused on
enhancing durability and practical usability. The second design exhibited promising
results, demonstrating an average accuracy of 92.79% with a maximum normalized error
metric of 12.22%. Notablyit showcased expected performance across various gait
patterns, capturing data from three different force directions at each analysis
point. The third design, while still undergoing refinement, displayed considerable

improvements, boasting an average accuracy of 94.35% with a maximum normalized



error metric of 7.79%. Ongoing research is addressing early limiting factors encountered
during practical testing, with the aim of further enhancing performance and robustness.
Overall, these designs promote the development of compact, comfortable insole
systems featuring optimized sensing capabilities for comprehensive force detection in
three dimensions. Moreover, the ceffiectiveness of these designs underscores their
accestility and potential for widespread adoption. Future investigations will foaus
leveraging smaller sensors for refined sensing locations and enhancing adhesive

properties to bolster the durability of miniaturized sensors.
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Chapter 1: Introduction

Insole researchurrently focuses oapplications of gait analysis, incorporating
variable sensing mechanisms and capabilities. Gait analysis typically involves research
into sensing technologies such as piezoresistive or capacitive measurements, correlating
data to force inputs. Researchaaiscludes applications toward areas such as disease
identification, general health monitoring, and demographic differentiation. However,
research focuses typically include several limiting factors, including size, cost, and
directional sensing capabiligoften relying solely on normal force detection. In light of
this, improvements can be made to research efforts of insole systems.

Thisresearch on this paper advances gait analysis and identification with the
applicationof 3-dimensionakelf-decouplegiezoresistivdorce sensor systesio
measure normal and shear force simultaneously. The subsequentsseititimtiude a
literature review investigatintpe field of gait analysis conducted with insole
technologiegChapter 2)a description of the methodologies such as the materials used
and thesensing principlepresent in the experimental se{@hapter 3)the results
collectedfrom the experimental and practical testingeath iterativénsole system
(Chapter 4)a discussion of the results and the conclusions that can be drawn from the
trends presente@hapter 5)and elaboration of future work to be done with this
technology to further test and validaite findings exemplified in this pap@ack

Matter).



Chapter 2: Literature Review

Research toward insole technologies and gait analysis has increased in prevalence
dramatically over the last several decades, spanning many different applications and
analysis methods [1]nitially, the field of insole research focused on parasitiergy
harvesting during walking as a means to reduce environmental impacts of energy
consumption [2]. However, the focus of this field of reseasdntuallymoved away
from energy harvesting and more toward gait analysis.

Researclof gait analysis by measurement of insole systeasevolved rapidly
with the introduction of micro electromechanical systems, incorporating sensing
technologies miniaturized for less invasive sensing capabilRiesearchers began
incorporating multiple technologies in tandem such as resistive force sensors and
gyroscopes to measure force, angular measurements, and acceleration data to correlate to
gait analysis [3}]. However, researchehaveexplored many different analysis methods.
Some resarchers utilizedPiezoelectric Force Sensors (PR&hjch rely on electrical
properties irpiezoelectric materials that react to mechanical signal ifpus 7],

demonstrated ifkigurel.

Protection Layer (PET)

’ Patterned Electrode 0600®8
== = PVDF Film Sl

Ground Electrode

Protection Layer (PET)

(a)

(b)
Fig. 1: One example of a piezoelectric force sensor, measuring 36 unique
locations [6].



Othe research grougsave focused on Force Sensing Resistor (FSR) based
system, incorporating resistance change measurements due to forcg8inpjutsess
common methods of force measurement methods found in insole systems include Optical
Pressure Sensors (OPS) relying on increased reflaatigeelight magnitudegor force
application[10], Polymer Optical Fibers (POF) whickly on variable power attenuation
and are relatively new in this field of reseafth], or even temperature sensors
measuringhermal readings [12However, pressure and force sengersainthe
predominant analysis method in the field of insole research advancémamy. sense,
the force application would alter the sensing mechanisms, allowing for detection of force
based on this changenly in the normal direction or force applied toward the ground
initially .

Often, research incorporatirgerand more rigiddesigns, sometimes built into
shoes themselves to incorporate more sensing capablgssarclyroups often
organize their design into layers with seemingly less of a focus into comfortability
incorporating the system into a shoe permanently, showigure2 [13]. Other research
groups go beyond this limitation and implement these systems below shoes, accounting
for the entire body weight of an individual and therefore the entire force they exhibit on
the system [14]Researcérs have even considergdit identification with worn sensors
away from the feet, utilizing sensors implemented in clgtimmore similar to pantsather

than shoes or insole$q].
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Fig. 2: An integrated shoe system consisting of three rigid layers and one
elastomer layefThe right visual indicates typical trends in force magnitude analysis,
where peaks indicate stefis].
Regardless of sensing mechanism, there are generally similar trends for data

outputs from insole systemResearch in this fieldgresentslata indicatingoredominant
shear force measuremsiund in the sole of the fooather than the he§l4, 1618].
Additionally, datacollectiontypically correlate with a large array of sensing
locations[6, 13,19-21]. However, these arrangements of sensing arrays are largely found
to be unoptimized, analyzing locations in the foot that are not required to analyze the
users overall gait patter@hnishi et. al propose the idea that rather than using large
sensing array to detect the entire area of the foot when walking, gait can be analyzed with
two or three optimally placed sensing locatiif3]. They indicate thanost array
locations were not critical in gait analysmr do they provide valuable data for gait
detection. Despite using an array of 36 sensing locations for their design, they theorize
the best two or three sensing locations are locatt#teifocations demonstratedhigure

3.
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Fig. 3: These are the most optimal sensing locations for gait analysis proposed by
Ohnishi et. al [22]

In light of this, research efforts could be made to improve sensing locations found
in the insole systems during use. Sazanov et. al implement only three sensing locations,
one in the heel and two in the satepable of differentiating between sitting, standing,
and walking motions while wearing the insole [23]. Roden et. al incorporate four sensing
locations, two force sensors located in the sole and two located in the heel, while also
incorporating a gyrosc@pwith the advent of improving physical theyagforts as well
as enhancing sports analysis [21].et. al utilize three RFID sensing locations positioned
optimally to create an insole system that does not necessitate a power souie§25].
optimization would also be implemented in the research found in this &sesisl|

Concurrently, alternative measurement methods for gait detection were explored.
Cameras were introduced into similar research fields and applications, namely motion
capture and video augmentation in a thdle@eensional space. Subsequently, cameras
were introduced into gait analysis with the implementation of mdrésed gait analysis

and detectionMarker based detection became increasingly popular in th0Qids,

incorporating visual analysis of markers located on segments of the legs, providing the



advent of analyzing individual walking phase patsgP6]. Markerbased gait analysis

relies on marker detectidrom video data collected by camerasl cross correlation to

create relative trajectories for each marker as well as relationships between markers
enabling pattern analysis in botkdinensional and-8imensional spacd27]. Marker

based gait analysis also encourages the reconstruction of datasets in order to incorporate
pattern recognition capabilities with the use of innovations such aslational neural
networks [27, 28]Alternatively, markerless gait detection was introduced, allowing for
keypoint detection such as hips and knees without the addition of markers to the subject
[29]. In some cases, cameras would not appear from an external perspective to monitor
markers placed on a user, but instead would be attached to the user to analyze infrared

markers from the perspective of the user themselves as seigiia4 [30].

Intel Realsense
RGB-D camera
with IMU

Body
coordinate
system

Foot mounted
infrared markers

World .
coordinate Walking
system dlrectﬁ’

Fig. 4: One such example of markbased gait detection, incorporating a camera attached
to the user [30].
High-accuracy camera implementations often results in increased costs for

research purposes and questionability when applying to thasamdror the purpose of



this research, the focus of design was an insole system. However, for gait phase
identification and force input analysis, visual analysis was incorporated in order to
improve the viability of the data collected from the testing of the insole system aswell
identifying different phases of the gait during testing.

Although normal force was the primary focus in this field of research since its
inception, research efforts explored the creation of insole systems that could measure
both normal and shear forces forces parallel and perpendicular relative to the direction
of movementnd in the same plane as the insole system.iRajéla et. al provides an
in-depth analysis of the development of shear measurement capabilities found in different
insole research focuses throughout the years, including analyses usimg $eethods
discussed before such as piezoelectric films, force sensing resistors, or optical fiber
sensing systems [3ITavares et. al introduced aptical fiber sensing system that was
capable of sensing both normal force during use as well as a distinct measurement for
shear force inwo directionsby diversifying the fibers into two channels, one for normal
force and one for shear forf22]. Mertodikromo et. al and Mohammad et. al focus solely
on shear force analysis, disregarding normal force entirely to ideally improvement
measurement capabilities in the desired directior3i83However, research would
ultimately incorporata focus intahree directions of force analysis, including both
normal force and shear force [6, B5;37].

The 3dimensional selfiecoupling method utilized in thissearch was originally
proposed by Luet. alat the University of Nevada, Refi88]. Luo et. al designed a
microforce sensor that incorporates félgxpointbilateralbend sensors in a 3

dimensionally symmetrical configuratiguhaced in an air medium, shownkigure5.



Fig. 5: Theoriginal design orientation of tHeur flex sensorsenabling
decoupling in three directions of force due to oppositional but symmetrical resistor pairs
In doing so, oppositional resistmggfc]);ss the central poiftbm one another can

act as reference points, where forca igivendirection will cause these pairs of resistors
to act inversely from one another. Moreover, where one resistor would be increasing in
resistance due to the force application stretching the resistor, the opposite relational
resistor would be compressing ahérefore reducing iresistance. The relationship

between force input direction and resultant resistance change in eatdr cesidurther

be demonstrated iRigure®6.

Fry Fr_ Fyy Fy F, F,
R — + 0 0 + —
Rp1 + — 0 0 — +
R 0 0 + - + -
Rpo 0 0 — + — +
Rrs + — 0 0 + —
Rps — -+ 0 0 — =+
R4 0 0 -_ + + —
Rp4 0 0 + — — +

Fig. 6: The resistance relationships found at each resistor in the configuration
indicating an increase in resistance (+), decrease in resistpnmweno change (ORTy
would refer to the resistance of the top resistor in the first position, which would be
symmetrical to the resistor foundtime thirdposition[38].



With this relationship, a voltage passing through thpeses of resistors can also
be decoupled utilizing haVheatstone bridges, incorporating each of these paired
voltages as the two analytes of this circuit [39]. When force is applied in a given
direction, the output voltages of these analytes will respondrding to the relationships
in theFigureabove, providing consistent and analyzable decoupled voltage outputs

between each halivheatstone bridge circuit, indicatedrigure?.

[—FGV-1XY
Filtered Data

—Fx (10x)

[—Fy {10x)

D 20 40 &0 B0 100 120 140 160 180 200 220 240
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g 0.0s / % —Sansor Fx
5 0.02 \\
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Time ()

Fig. 7. Two examples of voltage outputs during force input to the system. The top
visual indicates a force in the X direction, where there is little response in the Y direction.
The bottom indicates a force in thaliZection with little response in the X or Y direction

[38].

Within this research, Luo et. al investigate the robustness, thermal drift,
hysteresis, and sensitivity of these sensors, ensuring the decoupling method will function
properly under varied conditions and is reliable in most cases as well [38]. Hovkever, t
Flexpointbend sensors in this research have also been experimeétitethd analyzed
outside of the research conducted by Luo eRasearchers such as Saggio et. al have
analyzed bending capabilities in variably sized bend sensors as well as tiaacesis
response due to deflection angle, analyzing the sensitivity of the sensors for force

detection [40]. Additionally, this research group also investigated sensor modifications of
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cutting the sensors slightly to control output resistance responses after cutting [40].
Gerboni et. al implemented the system into a soft robotic system, analyzing the
sensitivity of the sensing mechanism as well as the low hysteresis between force
application and subsequent release of fp4¢¢ Zheng et. al indicate their preference for
these sensors due to low drift and high sensing capduifity

Within the field of insole research, there have also been many different
applicationsMost predominantly, this field of research incorporates analysis into disease
identification, most nbabetibfboyulcers pade alargess an d
risk in the diabetic community, often leading to uneven distribution of weight, instability,
and increased joint deterioration commonly caused by related lirBpd Blcounteract
this, many research groups test diabetic populations prone to developinicdaiie
ulcers with the focus of early detection in order to lead to early treatmeA8]4Zhis
can lead to developments into treatment in tandem with gait analysis, such as the
implementation of heel wedges, orthotic inserts placed into shoes tondéadility and
uneven weight distributio®[9] . Par ki ns on dsmoniterablafitt en det ec
incorporation of an inertial momentum unit (IMU), enabling detection of certain gait
trends and characteristics including weight distribution and balkrge]y benefitting
the improvements to constant monitoring capability due to am@sive insole system
characterizing their movemen&53]. Common testing methods are comparisons are
visualized inFigure8, including analysis of user capability during different walking

methods, such as walking straight or turning at variable speeds.
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Fig. 8: Comparisons between varied gait motions, analyzing users for their step lengths at
varied speeds [51].

Similar to disease detection is demographic identification by varied gait disorders
present in certain populations, including walking disorder such as knee buckiiegral
palsy,or simply gait identification correlated with age [54]. Increased age often correlates
with uneven gait distribution during walking, exemplified by research identifying older
age as well as implementing fall detection or prevention in these older popsilggb,

56].

There are also several commercially available prodpotwiding valuable
insight into the products available to emsers as well as the limitations these products
may haveOne such exampie Kitronyx, a pressure sensing system with a more
prominent focus for user comfort, incorporating technologies sewn into an insole system
[57]. However, Kitronyx measures only normal force and has a large purchasing price of
$1400.Another example of a commercially available product is ARI@Ninsole

product focused on speed analysis as well as slope identification and costs approximately
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$270$325, but lacks mosithergait analysis features as it is centrally focused on

running analysis [58]. The ARION insole system is displayigure9.

Fig. 9: An insole system offered by ARION. The insole system is pictured on the left,
whereas the right visual demonstrates the inertial momentum unit that hangs outside the
shoe when worn [58].

The last example iStridalyzer, a smart insole gait analysis product offered by the
company Retisense [59[he system relies on pressure map distributions provided by
normal force application of the user. The product also offers a mobile application that
allows user to view their pressure readings. Readings incorporate inertial momentum unit
data to also measastride length, weight load, weight distribution, and imbalances.
However, this system does not incorporate shear force measurements andfferalido
at the minimum price of $349, but can increase to $1,999 if considering the development
kit that the company offers.

Although there are some commercially available products in the field of smart
insoles, they often lack numerous sensing capahihitst often 3imensional sensing

capability,and correlate to a price that is not indicative of a realistically affordable

product for the endiser.
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Chapter 3: Description of Methodology

For this research, methodology was broken up into the following sections: design
of components and materials used for components, simulation, theoretical testing, and

practical testingEach section discusses the three designs investigated with this research.

3.1 Design and Materials

During this research, three iterations of insole systems were created. Each insole
was constructed using Smoefm Dragon Skin 1®olydimethylsiloxan€PDMS). Al
central connection pieces weatesigned in SolidWorksgsing 3D Resin Printingiith the
material Tough 15Q0Central connection pieces were printed with resign due to the
increased resolution for printing of small pieces and Tough 1500 material was used
primarily due to the rigidity of the material and the resistance to breaking underAlbrce
mold designs were designed in SolidWorks and were printed with standard 3D Printing
usingPolylactic Acid(PLA) filament. Insole mold designs did not require the heightened

resolution and were much larger than the capabilities of the resin printer.

3.1.1 Insole Design
Two insole mold designs were created and utilized for this thesis. The original
design used for the first and second iteration can be séggure10and the altered

design used for the third iteration can be sedfignrell.



Fig. 10: The original mold design used for the reseaftte sensing group near the toe of
the mold was turned 4%lue to space limitations with relation to middle sensing group.

Fig. 11: The altered insole mold desifor the third iteration of this researdhtended to
incorporate a more optimized design due to experimentation with smaller sensors.

Different amounts of PDMS were poured into each design, which crebtesta
left insole mold once removed from the maltker approximately 5 hour$he
symmetrical formation of sensongasglued directly to the gel in the three analysis
locations found on the heel of the insole and referred to as the bottom group of sensors,
the arch of the insole and referred to as the middle group of sensors, and the sole of the
insole and referred to éise top group of sensor&fter gluing, the insole system was
moved to an empty mold, allowing the application of a thin layer of gel to secure the

sensors in placé&.he approximate amounBDMS addedo each insole layer of each
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designas well as the resulting hardness of easble design, tested with a UHarbour
Shore Type Hardness Testare summarized in Table
Table 1:The resulting gel hardness measurements of each insole design tested throughout

this research. Despite using the same material for each design, the hardness was slightly
variable between iterations

Design Amount of PDMS use( Amount of PDMS usec Resultant
Iteration for base insole layer | for top insole layer | Hardness of Insol¢
(grams) (grams) (Shore)
Design One 250 100 13
Design Two 100 100 10
Design Three 250 100 15

With this gel molded, one example of the resulting insole design is shown in

Figurel2, indicating the design one demolded insole system.

Fig. 12 Theist design of the insole system. Each sensor has 1 input of 5V and 2
outputs. However, in each of the three sensing locations only 5 of the 8 outputs are used.
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3.1.2 Sensor Decoupling Mechaniand Positioning

For the design of the sensors used for this experiment, there are four Flexpoint
Sensor Systems bend sensors for each of the three analysis points on the foot. Each
sensor is bdirectional, noAdaminated, an@pproximatelyl.3 inchesin length.Each
sensor 6 scamrangd frenh 200 chras to a maximum of 500k ohms, with a neutral
resistance near 2k ohmghe four sensors are arranged symmetrically, with each bend
sensor across from one other, attached at a centraivgwéné the analysis point for force
input will be locatedFigurel3indicates the first design iteration for tbentral
connection point where&3sgurel4 shows the second and final design, improving upon

the first iteration

|3

Fig. 13: Thecentral connection points for each sensing location that the four bend sensors
were attached tm the first insole system desighhe left visual is the original design
whereas the right visual emulates the central point with connected sensors.
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Fig. 14: The second and final design for the central connection point of the sensors. This
design has grooves to protect the adhesion point of the sensors, a larger surface area in
the form of a half dome to improve sensing capabilities, and a tire texture to enprov

collection of shear forces by increasing the friction coefficient.

In doing so, each sensor can be used in adeelbupling mannewhich relies of
symmetryboth mechanically and electrically, that allows $oiving of each axial
direction of force independently, with tikedirection correlating to the shear force
perpendicular to forward movemelt;direction correlating to the shear force parallel
with forward movement, and ttedirection correlating to normal force toward the
ground while standing or movinghe relationship due to force in any direction is

demonstreed inFigure 15, with the subsequent halfheatstone bridge compensation

relationships demonstratedkigure 16.

F, = or E,

AR +

Fig. 15: Therelationship between the change in resistance for each pair of
resistors, dependent on the direction of force.
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Fx+ | Fx— | Fy+ | Fy— | Fz+ | Fz—
R - + 0 0 - +
Rsi + - 0 0 + -
Rr:| O 0 + - - +
Rg:| 0 0 - + + -
Rr; | + - 0 0 - +
Rg; - + 0 0 + -
Ry 0 - + - +
Rgs| 0 0 + - + -

Fig. 16: The detailed relationship for each resistance vethamge depending on
the input force. These relationships correspond to theMia#fatstone bridge
compensation for-8imensional decoupling.

Considering the bilateral nature of the bend sensors used in this research, the
resistors have independent resistances from the top and bottom of each sensor. Likewise,
the relation between the bending of a sensor and the change in resistance betwakn top a
bottom sensors is inversalglationaland changes at different ratgeen under small
amounts of forceBecause of this, a saliecoupling method utilizing one bilateral sensor
not viable By using the sensors in tandem pairs with relation to mechanical symmetry,
oppositional resistors can be used as their resistances can be analyzed in relation to one
another to measure force application in each direction.

However, the application of this sensor does not utilize small forces within this
researchDuring experimentation, it was discovered that the adhesion of the sensors to
the central connection point and the base of the sensors near the wiring caused the
resistance of both the top and bottom resistors of each sensor to increase at the same time,

but at different rates. After approximately 0.2 N of force are applied, the optimal range of

motion of the system is exceeded, causing both the top resistor tavemndnded and
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the bottom resistor to stretcAs both sides of the sensing film are stretching, the
resistance for both sides of the sensors increBsspite this unexpected finding, the
oppositional pairs of sensors increase in resistance at the same rate with relation to one
another. Additionally, considering tipair of resistors utilized to calculate change in the
Z-direction thebottom resistor increased at a slower rate than the top resistor, allowing
for the decoupling mechanism equations to function propdgign two served as an
attempt to reinforce the expected relation between top and bottom resistance values.
To ensure each sensor is properly oriented with respect to the other se@Bors, a
resin printedglue mold was utilized, aiding in proper alignment and attachment to the
central point for each group of sensdfigure17 shows the glue mold in use, with each

sensor aligned at 90 degrees to adjacent sensors.

Fig. 17: Themold used to attach each sensor to the central connection point. The mold
ensures symmetry of each sensor dte@les.

Finally, this research relies on three analysis points, placed in optimized location
based on research presented in the literature review. For the purpose of this rémsearch,

analysis points will be referred to as follows: the analysis location in the forefoot nearest
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the toe of the insole mold will be referred to the front sensing location, the analysis
location in the midfoot near the arch of the foot will be referred to as the middle sensing
location, and the analysis point in the rearfoot nearest the heel of dheenmald will be
referred to as the back sensing location. For clafityyre18 demonstrates the location

of the analysis points found in the insole designs.

100Ja104

J00JPIN

1004128y
|

Fig. 18 Theapproximate positioning of each sensing location found in each insole design
in this research.

3.1.3 Circuit Design

To accompany theymmetrical mechanical design of the four ses)gbe half
Wheatstone bridge circuit design allows for independent sensing of each axial direction,
X, Y, and Z respectivel\WVheatstone bridges incorporate two parallel voltage dividers
that allow researchers to measure the voltage between the two dividers, correlating any
deviations to changes in the circuit, such as temperature change or, in the case of this
research, a chaegn strain. Based on the number of active elements, or analytes of a
system, diférent variatios of Wheatstone bridges can be used. In this research, each
sensor utilizes two resistance values from varying bend sensors found in the system. The

resulting circuit utilized for this research incorporates half Wheatstone bridges for each
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pair of resistance values, allowing for deviations in the strain of the system to be detected
independently of other directions.
The resulting voltages of each pair of resistors can be separated intoisach ax

indicated by the below equati®n

183 |

(f)(*’) "II Y
WW Wi (1)
wa L r

u U

When analyzing force while standing and movement has not begun or has
stoppedforce will only beapplied in the Zirection. for the given force resistoRri =

Rr2 = Rr3 = Rra and R1 = Re2= Re3 = Rg4, the resulting equation decoupled for #e

direction is:
W W T
DWW Wiy - T (2)
wa - T YY YY

Likewise, if force were applied in the-éfirection,such as an individual slipping
or walking sideways, the normal force will result in differences in resistararil Rr.
Additionally, the otheresistas areequalwith relation their mechanical symmetry; this
correlates to R = Res, Rr2 = Re4, Rr3 = Rs1, and R4 = Rez. This correlates to the
following system of equationgdicating voltage change in thedkection with relation

to the force applied

W 0 Yy YY
WO Wi 5 Tt (3)
wa - T T

Finally, force applied in th&-direction, such as walking uphill or downhill, can

be isolated by the decoupling method indicated with analysis of resisioasitR Rsa.
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Once again, the other resistors in the system are equal in pairs with relation to the
mechanical symmetry of the systen®Rr4, Rr2=Rs4, Rs1=Rr3, and Rsz=Rr1. The

resulting system of equations for resultant voltage duedaectional force application

is:
Ww 5 T
DWW Wiy v YY YY (4)
wa T T

With each individual decoupled direction, 3 directions of force can be calculated,
providing normal force measurements as well as shear force measurements. This system
was alsdested in a simulated sermsechanically and electricaltp ensure the system

functions properly in a gel medium.

3.2 Simulation

In order to test the decoupling method utilized in a gel medium, the system was
built in MultiSim to ensure the halivheatstone bridges function properly to decouple in
three directions. Additionally, to ensure the sensors react properly in a gel medium, the
sensing apparatuses were simulated in ANSYS at variable force input vadues an

directions.

3.2.1 Theoretical Circuit

From a theoretical perspective, h#heatstone bridges will utilize two analytes
and two completion resistors by measuring the voltage change between the completion
resistors and the changing analysis locations. In order to simulate this, the theoretical

circuit is completed and simulated in MultiSim, demonstrated beldvigure19.
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Fig. 19: The simulation of the haMVheatstone bridges utilized to decouple the voltage
outputs in three directions. The bottom half of Bigureconsists of the pairs of resistors
utilized from the insole system.

3.2.2 Practical Circuit

The HalfWheatstone bridge circuit utilized for this research is shown helow
represerdd in MultiSim In theory, R is a chosen resistor that serves as completion
resistors, allowing for measurement of voltage between the corresponding bend resistor
resistances during force application. Typically, these resistors would remain static for
testing, as the measurementsazsn the analytes would havetatic initial value
between tests. However, for this circuit, there are slight variations beeaebn
resigance value from each sensloat need to be accounted.f@hree of the Rresistors
are supplemented with 5k Ohm potentiometers (P&D23tablish a neutral starting value
from each axis and subsequently each analysis point on the insole Systsm.
potentiometers are altered between tests to ensure that the ratio between the pairs of

resistors used in the decoupling equations is the same as the ratio between the
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potentiometer and the correspondingd@mpletion resistoiThe system was configured

manually between tests to establish an output voltage of approximately OV for each of the

three axesThe practical circuit used is shownkigure20.

e VZ L VX 1-—.V¥ -—

RB1 RT3 RT1 RB2 RB4

Fig. 20: MultiSim visualization of practical circuit, incorporating three potentiometers to
ensure stable initial starting conditions.

Of note, although the practical hAlheatsone bridgecircuits appear to have
three analytes, such as RBRTs, and Rratfor the \; Z-directional voltage analysis,
Rrat only changes prior to the testing ba&gingwhen establishing an initial starting
voltage value of approximately\d During testing, the only two analytes changing due
to force inputs are the corresponding resistance values of the sensors found in the insole
system, which would be REnd R&in the case of #lirectional force application.
Functionally, Rrat Rrab, and Rrai perform as unique resistance values while testing
occurs only altered betweersts

While collecting each voltage correlated to each axial direction, signal amplifiers

(AD620AN) were utilized to increase the voltage outputs, allowing for heightened
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voltage responses due to force distribution in the system. BelBigure21is each
individual amplifier circuit with corresponding paired resistors as well as the overall

circuit for each set of four sensors or each analyte point

ADGZOAN

Rrat1 Re Rrat2 Re Rrat3 !;;vk\ﬁﬂ
5kQ 2.2k0) T
Key-1 22kQ g0 5kQ 1] v
Key=F Key=G RT3
BRZ B+
Vz Vx L Vy . —15v & Nx
B ul
RT1
- ADG20AN
RB1 RT3 RT1 B2 RB4
kQ 5k 5kQ k0 5k
ey=A Key=B Key=C Key=0f Key=E =
Rg
Caka ]
- RB2 44 U
__V1 L+ <
=15v : SR |
-
RB4
3 ADG20AN

Fig. 21: The overall circuit design utilized including both the h##fheatstone bridge
circuits as well as the operation amplifiers used to analyze each directional voltage output
from the circuit.
All amplifiers were powered with 15 V for poweahile the halfWheatstone
bridge circuit had an input voltage of 5 V. The output of each amplifier was collected in
DataQ Instruments D1100 data acquisition unit§hreedata acquisition units were used
concurrently, one for each set of sensors or each analyte point.
For the final circuit design, the gains for all X and Y direction amplifiers were

equal and all Z direction amplifiers were equal. The gain equation for the AD620AN

amplifiers is:

(5)



26

With this equation, the followingable2 indicates the calculated gain
corresponding to each resistor used for each amfiui¢hefirst and third design

Table2: The qainvaluesused aktach amplifiefor insoledesigns 1 and.Front, middle,
and back analysis points consisted of the same gains for each direction.

X Direction Y Direction Z direction
Gain Resistor Value 20 kaq 20 kq 5 kq
Resultant Gain Valug 3.47 3.47 10.88

Design 2 incorporated shortened sensors and limited mobility, reducing their
sensitivity by painting silver conductive epoxy on the conductive ink. To account for this
reduced sensitivity, the following TabBdandicates the altered gain values.

Table3: The gain values used at each amplifier for the second insole design. The second

insole system was much more varied at each analysis point, so unique gain values were
adjusted accordingly.

Analysis Point X Direction | Y Direction | Z Direction
Front GainResistor Value 1 kq 1 kq 470
Resultant Gain Value 50.4 50.4 105.1

Middle Gain Resistor Value 5 kq 5 kq 10 Kk
Resultant Gain Value 10.88 10.88 5.94

Back Gain Resistor Value 5 kq 5 kq 10 Kk
Resultant Gain Value 10.88 10.88 5.94

3.2.3 ANSY8®lechanical Simulations

To indicate equal values for oppositional resistors, the sensor formation was
simulated in ANSYS for force analysis and bending patterns when force is being applied
with different strengths and at different angles. Each sensor mounting shape was
simulatedto show these phenomena and are shown béligures22, 23, and 24
correspond teimulationwith design one of the central connection pitasted in the Z
direction, X or Y only, angimultaneous X and Y testing respectivélgr some visuals,
the gel ha beerhiddenin order to see the relationship between the sensors and input

force.
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Fig. 22 The ANSYS Simulations of 10N in the Z directiaith the first central
connection piece desigihe force indicates the stress of all sensors is equal.
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Fig.23: The ANSYS Simulations of 3N in the X or Y directiwith the first central
connection piece desigmhe force indicates that stress of oppositional resistors is equal
with respect to one another.
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Fig. 24: TheANSYS Simulatios of 3N in the X and Y directiosimultaneously at a 45°
anglewith the first central connection piece desighe force indicates thatressof
adjacent X and Y resistors are equal with respect to one analesant to the front

sensing location of the insole system
Additionally, figures25, 26, and 2¢orrespond to simulation with design two of
the central connection pieaethe Z direction, X or Y direction, and simultaneous X and

Y testing respectivelyOnce again, the gel has been hidden in order to identify the

symmetrical reaction due to input force.
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Fig. 25: The simulations of the structure with the second central connection piece. 10N of
force are applied in the-direction and indicates equal stress values between all resistors.
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Fig. 26: The simulations of the structure with the second central connection piece. 3N of
force are applied in the X or Y direction and indicates equal stress values between
relevant paired resistors.
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Fig. 27: The ANSYS Simulations of 3N in the X and Y direction simultaneously at a 45°
angle with the second central connection piece design. The force indicates that stress of
adjacent X and Y resistors are equal with respect to one another, relevant to the front

sensing location of the insole system.

After confirming theself-decoupling mechanism works as intended while the

analysis points are suspended in the gel insole, the experimental testing commenced.

3.3 ExperimentalTestingand Validation

In order to prepare for practical testing, experimental testing involved structured
testing under measurable force input valllesloing so, force curve calculations could
be derived and error metrics could be calculated comparing the calculated force and

reference input force.
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3.3.1 Experimental Verification

Experimental testing began with structured analysis incorporating specific,
measurable force inputs in each direction, ensuring decoupling capability of the system
after the sensors were solidified in the gel insole. Each set of four sensors were placed on
a vibration isolated table and were pressed at variable force inputs, measured with a
NIDEC-SHIMPO FG\1XY digital force gauge for testing in the X and Y direction and
a NIDEGSHIMPO FG3005 digital force gauge for testing in the Z direction. The
NIDEC-SHIMPO FGV-1XY force gauge measurésrce applications up to 5 newtons of
force with aresolutionof 0.001N and 0.2% F.S.The NIDEGSHIMPO FG3005 digital
force gauge measures force applications up toed@ons of force with a resolution of
0.01 N and 0.3% F.S.. These force gauges were attached to a Sutter Instru@ex8MP
control arm via a 3D printed mount and were controlled with a Sutter Instrument MPC

200 control systefrshown inFigure28.

Fig. 28: The Sutter Instrument CompaMPC-200 series control system used for control
arm movement during experimental testing and validation.
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After connecting the force gauge to the control arm, the MB€and associated
software was used to move the control arm with 10 micrometer moveurgihthe
desired maximum force input was reach&fler finding the movemerdistancethat
would correspond to the desired force input, the system was configured to move that
distance in one singular movemaita set speed of 1/12 of the total distance per second
For X or Y directional tests, a maximum of 3N of force was achievednfal Z
directiona testsof the original designa maximum of approximately 14N of force was
achieved. The control arm maximum force application was found to be approximately 15
N, so the Z directional testvere reduced slightlin force appliedo avoid damage to the
control arm systentowever, fordesigns two and three of this reseatble NIDEG
SHIMPO 3005 force sensor battery would not hold a charge and became uribsable.
to this limitation, force values were carried on with M®EC-SHIMPO FG\:1XY
scale so the Zirectional force was reduced to 5Rhe force gauge testing setup is

shown inFigure29 and the control system software is showRigure30.
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Fig. 29: The testing method of each insole design for this research. The force sensor is
attached to the 3D printed arm mount on a vibraisotated table. The arm moves along
a set path to push the center connecting piece with the desired force.
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Fig. 30: The screen during testing of the insole designs. The right software is the MPC
200microcontroller software and the left is the DAQ software for voltage analysis.
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3.3.2 Sensor Modification

For designs two and three, experimentation was conducted that involved reducing
the sensitivity of the sensors themselves. This entailed applying a silver conductive epoxy
to the conductive ink found on the sensors themselves, functionally reducing the
sersitivity of the sensors. For design 3, the sensors were further modified by cutting to
reduce the size of the sensors and improve the sensor positioning in the insole system.
The sensors were cut evenly using a resin printed mold shawgure31. In either
case, the maximum resistance of the sensors was found to be approximately 100 Ohmes,

or 20% of the previous maximum resistance.

Fig. 31 The resin mold used to uniformigodify the sensors. Sensors were placed under
the bar on the left and painted with silver epoxy. For design three, the sensor was cut
after being painted at the edge of the mold.

3.4 Practical Testing
Oncethe structured validation testing was completed, the system was moved to
the ground to complete practical testing. To enable easier testinggat3#bbon cable

was attached toonnect the insole system to the Halheatstone bridge circujtshown
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in Figure32. This ribbon cable also served as an extension to ensure multiple steps could

be taken with the insole system.

Bl B2 B4

Fig. 32 The configuration for connections between the-idifeatstone bridge circuits
and the insole system components. The top and bottom resistors are labeled to the left of
theFigurewhereas the righbV provides power to all sensors.

For desigr, testing began with stepping on the system for approximétely
seconds and walking 2 steps. However, due to stress on the central piece joint
attachments, practical testing quickly resulted in disconnected bend sensors from the
central connection pieces. Research continued with the second design of the central
connetion piece, which incorporated grooves for a better adhesion between sensors and
the central piecas well as a textured half dome for improved friction for shear force
detection Additionally, the large dome and grooves disallowed direct force to the
connection point between the central piece and the bend sefisersecond design

incorporated the reduced sensitivity by painting the senSgygre33 demonstrates the
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connectiorof the insole system with relation to the positioning of the circuits and the

power supply.

Fig. 33: The positional relationship between the insole system and the circuitry and

power supply. The circuit sat on a table for the duration of testing whereas the insole

system was tested on the ground adjacent to the table. Voltage outputs were collected
with DATAQ data acquisition kits.

For practical testing, the insole system was attached to the foot with two elastic
straps connected to the base of the insole system. One strap was located near the sole of

the foot whereas the other strap wrapped around the, @lgteonstrated iRigure34.



39

|
|

S

S i

bt

Iiig. 321: The“ihs‘ole system attached tE) the foot for'practi(;:al tésnilmyched by using
elastic and buckles.

Finally, as each analysis point has three outputs during testing, readings are
collected simultaneously with three DATAQ data acquisition Kising testing, the
associated software applications for the data acquisition kits collect all data

simultaneously, demonstratedrigure 35.
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File Edit View Scaling Options Help
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Fig. 35 Thesoftwareapplications of the data acquisition units collecting data for each
direction and each analysis point, totaling 9 total data streams to collect. The front point
would be collected by the left most program interface, the middle point would be
collected by he top right program interface, and the back point would be collected by the
bottom right program interface.
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Chapter 4: Results

Results is broken up inwach of the three designs. In eaelstion, results will
consist of the validation testing conducted with the force semstire vibration isolated
tableand the practical testing conducted while using the insole system. The validation
testing served to prove the existence of a relation between the force applied and the
voltage output at each sensing location.

The practical testinépr the first desigrutilized the relation between the force and
voltage to convert detected voltage outputs back to force while using the piidaict.
second design focused on the voltage outputs, correlating the gait motions to voltage
responses. This was decided afteding thatthe back sensing location only responded
to large force values, providing no reference data or force curve equations in the
experimental testing-he third design does not hapeactical testing as the stened

sensors proved structurally unviable currently for full body force application.

4.1 Design One

Design one served as a foundation for experimental direction. The system
consisted of three analysis points, found at the heel, arch, and the sole of thkbdoot.
sole analysis point will be referred to as the front analysis point, the arch analysis point
will be referred to as the middle analysis point, and the heel analysis point will be
referred to as the back analysis poirite sensors were unaltered for the first design and
were connected to the first center connection point iteration. The directi@malysis

are shown irFigure36.



Fig. 36: The directional configurations for the first insole desig. N
4.1.1 Validation Results

Validation testing involves the system calibration tested on the vibration isolated
table to investigate the correlation between input force and resulting output voltage
between relevant resistor pairs. Results below are exemplified in the followingbrder
visuals: voltage of relevant directions compared to the input force, analysis of the best fit
line and potential delay using the Matlab system analysis toathe@xesulting calculated
force output with applied phase shift, and liysteresis of theystem after applying a
time phase shift.

X-Direction Results
Front aralysis point

The followingFigure37 indicates the force and decoupled voltage data collected
while applying pressure to the frogsdleanalysis point of the insole system. The red line
indicates the collected reference force from the NIEREEMPO force gauge, the blue
line indicates the voltage data in thedKection, and green indicates the voltage in the Y

direction.
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Alignment of Force and Voltage Data

X Voltage
¥ Voltage
Reference Force(MN)

Amplitude
[3%]

05 . . . . .
0 1000 2000 3000 4000 5000 6000

Time(ms)
Fig. 37: The timedomain graph of the voltage response while approximately 4N of force
are applied to the front analysis point of the insole system.

This data is then compared with the Matlab system anabfydisox to establish
the best fit line characteristics for the given dataset, showigure38.

Sh'leasured (mydata) and simulated model output

Best Fits

Cctic(70): 8367

0 2000 4000 G000
Time

Fig. 38 The system analysis toolbox analysis of different best fit line parameters. This
data resulted in a rather high order line equation, whereas most other analysis resulted in
a quadratic or cubic line, often with a delay. For simplicity in comparisormcuthie line

was also used for comparison to other datasets.

After finding the best fit line, the coefficients for the best fit line were calculated

and used to convert the output voltage to input force to correlate between thétwe.



44

39 demonstrates the cross examination between the reference force and the calculated

force with the data shifted according to the system analysis best fit line.

Comparison of Voltage and Force Data with Phase Shift
4.5 T T T T

Reference Force
— Adjusted Force - X
Adjusted Force - Y

Force(N)

0 1000 2000 3000 4000 5000 6000 7000

0.5

Time (ms)

Fig. 39: Theresultant force comparison between the reference force in red and the

calculated Xdirectional force in blue. The green line indicates thdiréctional force
collected simultaneously and solved for independently.

Finally, the hysteresis of the collected was analyzed, indicating the system

response during pressure and release from the control arm and comparing to the equation

of the line used for voltage conversion to fofegure40 demonstrates the force

hysteresis curve while testing the system.
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Correlation between Voltage and Force after Phase Shift

y = 1.6631e-04. + -4.92838-02.2 + 1.24842+00 + 0.2584

Force(N)

m— nterpolated Shifted Force Data
= Fitted Cubic Line

05 | I I
0.5 0 0.5 1 1.5 2 25 3 3.5

Voltage(V)
Fig. 40: The force hysteresis curve for the system during testing of-tieextion
force application. The lefinost blue line indicates the starting calculated force value.

The accuracy of each analysis point and applied directional force are tabulated in
an error metric table found at the end of this section, comparing relative error of the
system within the working range of force values greater than 0.5N, the mediatherror,
difference in peak values between reference and calculated force, the maximum error in
the working range, and the normalized maximum error of the system.

Middle analysis point

Figures41-44 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve Xadirectional testing at the middle

analysis point respectively.
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Alignment of Force and Voltage Data
B T T T T T T T T

X Voltage
¥ Voltage
Reference Force(N)

Amplitude

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time(ms)
Fig. 41: The comparison between reference force and resultant voltage at the middle
analysis point during an-Hirectional force of 3N.

Measured (mydata) and simulated model autput

Best Fits
redd40; 78.635

At

0 1000 2000 3000 4000 5000
Time
Fig. 42: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadratic line with a delay of 40.
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Comparison of Voltage and Force Data with Phase Shift
3.5 T T T T T T T

Reference Force
Adjusted Force - X
Adjusted Foree - Y

Force(N)

] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ms)
Fig. 43: The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the blue isdirection calculated force
response, and green is theliectional force calculated independently.

Correlation between Voltage and Force after Phase Shift
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Fig. 44: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left mostue line indicates the resting position.
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Backanalysis point

Figures45-48 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fedXectional testing at the back
analysis point respectively.

Alignment of Force and Voltage Data

X Voltage
¥ Voltage
Reference Force(N)

4.5

Amplitude
2

1687T

05 . . . 1 . 1 .
0 1000 2000 3000 4000 5000 6000 7000 8000

Time(ms)
Fig. 45 The comparison between the resultant voltage in the X and Y direction due to an
input reference force applied in theditection.
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sl'l.l'leasured {n?ydata}andlsimulated fnﬂdel output

— Best Fits

/ W\ arx330:91.05
| |ar=440: 90,32

ar<220: 84.16

0 2000 4000 G000 B0OO
Time

Fig. 46. The system analysis toolbox output for the best fit line parameters for the back
analysis point in the Xlirection. The best fit line for this analyte was found to be a cubic
line with a delay of 300.

Comparison of Voltage and Force Data with Phase Shift

Reference Force
Adjusted Force - X
Adjusted Force - Y

Force{N)

_1 i i i i i i i
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (ms)
Fig. 47: The comparison between the reference force in red and the calculated forces for
the X and Y directions. The blue line indicates the calculatédectional force and the
green line indicates the-dlirectional force.
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Correlation between Voltage and Force after Phase Shift
y = 2.43208-02.% + -6.1280e-01.7 + 3.3121e+00 + -0.48;

Force(N)

—|nterpolated Shifted Force Data
e Fitted Cubic Line

—DS i i i i i
0 0.5 1 1.5 2 2.5 3

Voltage(V)
Fig. 48: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.

Y-Direction Results
Frontanalysis point

Figures49-52 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fedivectional testing at the front

analysis point respectively.
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Alignment of Force and Voltage Data
4 T T T T T T T T |

X Voltage

Y Voltage
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Time(ms)
Fig. 49 The comparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line
indicates the X resultant voltage.

0.5

4Measured (mydata) and simulated model output
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Fig. 50: The system analysis toolbox output for the best fit line parameters. For this
dataset, the best fit line parameters found for this dataset was a cubic line with a small
delay of 2.
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Comparison of Voltage and Force Data with Phase Shift

Reference Force
Adjusted Force - X
Adjusted Force - Y

3.5

2.5
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Fig. 51: Thecomparison of the converted voltage of both the X and Y direction and the
reference input force. The férceis shown in green and tlue line demonstrates the X

force.
Correlation between Voltage and Force after Phase Shift
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Fig. 52 The hysteresis curve visualizing the comparison betweeratbelated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.
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Middle analysis point

Figuresb3-56 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fodivectional testing at the middle
analysis point respectively.

Comparison of Voltage and Force Data with Phase Shift
35 T T T T

Reference Force(N)
X Vaoltage
3 ¥ Vallage
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=
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Time (ms)
Fig. 53: The comparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line
indicates the X resultant voltage.
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3 srl.l'leasured (mydata) and simulated model output
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arx3an: 80.14

0 1000 2000 3000
Time

Fig. 54: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadratic line with no delay.

Comparison of Voltage and Force Data with Phase Shift
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Fig. 55: The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the green isdmectioncalculated
force response, and blue is thadiXectional force calculated independently.
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Correlation between Voltage and Force after Phase Shift
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Fig. 56: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.

Backanalysis point

Figures57-60 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fedivectional testing at the back

analysis point respectively.

Alignment of Force and Voltage Data
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X Voltage
Y Voltage 1
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Fig.57: The comparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line

indicates the X resultant voltage.
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4Measured (mydata) and simulated model output
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Fig. 58 The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a cubic line with a delay of 200.

Comparison of Voltage and Force Data with Phase Shift
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Fig. 59: The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the green isdhection calculated
force response, and blue is thadiXectional force calculated independently.
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Correlation between Voltage and Force after Phase Shift
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Fig. 60: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releativegfofce
sensor. The left most blue line indicates the resting position.

Z-Direction Results
Front analysis point

Figures61-64 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fedizectional testing at the front

analysis point respectively.
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Alignment of Force and Voltage Data
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Fig. 61: The comparison between the reference force in red and the output voltages in the
X, Y, and Z directions. The green line indicates the X resultant voltage, the yellow line
indicates the Y resultant voltage, and the blue line indicates the Z resultant voltage.
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Fig. 62 The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadratic line with a delay of 550.
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Comparison of Voltage and Force Data with Phase Shift
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Fig. 63: The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the green isdleckion calculated
force response, the yellow is thedifection calculated force response, and blue iZthe
directional calculated force response.

Correlation between Calculated Force and Input Force after Phase Shift
15 T T T T T T T T

¥ = 7.9819e-01.7 + 7.1869e-02 + -0.0132

Force(N)

Interpolated Shifted Force Data
= Fitted Quadratic Line

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Voltage(V)
Fig. 64: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.
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Middle analysis point

Figures65-68 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fedigectional testing at the middle
analysis point respectively.

Alignment of Force and Voltage Data
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Fig. 65: The comparison between the reference force in red and the output voltages in the
X, Y, and Z directions. The green line indicates the X resultant voltage, the yellow line
indicates the Y resultant voltage, and the blue line indicates the Z resultant voltage.
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Measured (mydata) and simulated model output
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Fig. 66. The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadratic line with a delay of 550.

Comparison of Voltage and Force Data with Phase Shift
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Fig. 67: The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the green isdleckion calculated
force response, the yellow is thed¥fection calculated force response, and blue iZthe
directional calculated force response.
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Correlation between Calculated Force and Input Force after Phase Shift
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Fig. 68: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.

Back analysis point

Figures69-72 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference fore, and the force hysteresis curve fedigectional testing at the back

analysis point respectively.
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Alignment of Force and Voltage Data
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Fig. 69: The comparison between the reference force in red and the output voltages in the
X, Y, and Z directions. The green line indicates the X resultant voltage, the yellow line
indicates the Y resultant voltage, and the blue line indicates the Z resultant voltage.
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Fig. 70: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadraticvitie a delay of 736.
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Comparison of Voltage and Force Data with Phase Shift
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Fig. 71 The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the green isdleckion calculated
force response, the yellow is thed¥fectioncalculated force response, and blue is the Z
directional calculated force response.

Correlation between Calculated Force and Input Force after Phase Shift
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Fig. 72 The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.
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Data Summary
Summarizing this datd,able4 demonstrates the equations used to convert the
collected voltage back to force application for practical testing.

Table4: The equations of each directional analyte collected during the theoretical testing
of the first design to convert the output voltage back to force when testing practically. Y
indicates the force calculated while X refers to the voltadjected from the pair of
resistors that correlate to that direction.
Group of | Direction of Equation
Sensors Analysis

Y =0.00016631 * Xi 0.0049283 * X + 1.2484 * X + 0.2584
Y =-1.4379 * X + 3.7131 * ¥ + 0.13609 * X + 0.0123
Y =0.79819 * ¥ + 7.1869 * Xi 0.0132
Y =-0.065227 * X + 0.92249 * X + 0.0314
Y =1.6473 * X2 0.85318 * X + 0.2856
Y =0.51986 * ¥ + 1.5348 * Xi 0.148
Y =0.02432 * X7 0.6128 * X2 + 3.3121 * Xi 0.483
Y =0.15096 * ¥ i 0.70229 * ¥ +2.2686 * X + 0.0744
Y =0.53724 * ¥ + 5.4409 * Xi 0.8298

Front

Middle

Back

N[ <| X|N| <[ X|N|<|X

Additionally, the error is tabulated fable5, summarizing the average error
percentage over the working range of each force reading, the median error percentage of
the dataset, the differencenmaximum value®etween the calculated force and the
reference force, the maximum error within the working range, and the maximum error
value normalized across the dataset by dividing by the range of the dataset to indicate the

variability of the data.
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Table5: The errors found at each analysis point in the insole systeniinTdaifiedd
indication corresponds to analyzing the working range rather than the entirety of the
dataset, as minimal force values betwedh3N proved to increase error of the system

drastically.
Sensor | Average Error, Median Peak Maximum Maximum
Location Percent Error Difference Error Error Percent
(Modified) Percent | Error Percenl  Percent (Normalized)
(Modified)
Front X 14.4559 31.7588 1.7994 76.6489 21.8897
Middle X 12.6048 3.2754 1.8179 113.6838 21.4498
Back X 7.241 5.7975 2.9877 41.7648 9.2811
Front Y 14.9224 3.5318 3.2083 87.9293 23.1393
Middle Y 8.4226 20.8717 1.6555 49.8107 15.3264
Back Y 12.7795 8.4389 5.7186 151.8581 43.3880
Front Z 10.9867 9.597 3.3581 34.3426 2.4530
Middle Z 5.112 4.4739 2.2981 73.2182 4.9808
Back Z 7.8559 5.9166 0.47967 81.5747 5.8268
Average 10.49 10.41 2.59 78.98 16.41

4.1.2 Practical Testing Results

For practical testing of design 1, the system was initially attached to the foot and

tested bystepping andvalking for two monitored steps: one short step and one large

stride. However, the system was ultimately attached to the shoe, enabling consistent

results and inspiring changes to the insole system used for designs two and three.

Additionally, the structual integrity of the first design allowed for a shortened timeframe

of practical testing, also contributing to changes to the second and thindmterfahis

research.
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Stepping Results
Figures73, 74, and75 demonstrate the voltage responiem the front, middle,

and back analysis locatiomsile stepping on the insole system.

Voeltage Data - Front

X Voltage
Y Voltage
Z Voltage
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Time (ms)

Fig. 73: The voltage output of each directional voltage collected at the front sensing
location for the first insole design.

Voltage Data - Middle
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Fig. 74: The voltage output of each directional voltage collected at the middle sensing
location for the first insole design.
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Voltage Data - Back
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Fig. 75: The voltage output of each directional voltage collected at the back sensing
location for the first insole design.

With these voltages, the respective line equations collected from experimental
testing were used to convert the voltage values to force val@egsh analysis point
displayed in Figureg6, 77, and 78

Calculated Force Output - Front
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Fig. 76. The voltage data from the front sensing location converted back to force
using the force curve calculations from experimental testing.
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Calculated Force Output - Middle
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Fig. 77: The voltage data from the middle sensing location converted back to
force using the force curve calculations from experimental testing.

Calculated Force Output - Back
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Fig. 78: This is the voltage data from the back sensing location converted back to
force using the force curve calculations from experimental testing.

Walking Results
The system was then tested by starting the data collection, attaching the insole
system to the shoe, and taking two variably distanced steps. Fi§88 and 81

demonstrate the voltage responsem each analysis poititiroughout the two steps.



Voltage Data - Front
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Fig. 79: The voltage output of each directional voltage collected at the front sensing
location for the first insole design while walking with the device worn.

Voltage Data - Middle
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Fig. 80: The voltage output of each directional voltage collected at the middle sensing
location for the first insole design while walking with the device worn.
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X Valtage
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0 500 1000 1500 2000 25IDD 3000 3500 4000
Time(ms)
Fig. 81 The voltage output of eactirectional voltage collected at the back sensing
location for the first insole design while walking with the device worn.

Once again, the collected voltage conversion equations collected during the
experimental testing were applied to the voltage to convert back to force values. Figures
82, 83, and 84nhdicate the force values collectatieach analysis poimthile walking on
the insole system.

Calculated Force Qutput - Front
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Time(ms)
Fig. 82 The voltage data from the front sensing location converted back to force
using the force curve calculations from experimental testing during practical tekileg
walking with the device worn
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Calculated Force Output - Middle
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Fig. 83: The voltage data from the middle sensing location converted back to
force using the force curve calculations from experimental testing during practical testing
while walking with the device worn

Calculated Force Output - Back
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Fig. 84: The voltage data from the back sensing location converted back to force
using the force curve calculations from experimental testing during practical tekilag
walking with the device worn

From here, the second insole design was tested, first experimentally like the first

design and then practically.
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4.2 Design Two

Design two implemented sensors that were manually reduced in sensitivity by
applying a thin film of silver conductive epoxy adhesive directly to the conductive ink
found on the sensors. In doing so, the functional rangesensitivityof the bend sensors
were reduced, but ensurtitht Zdirection force resulted in an increase in top sensor
resistance and a decrease in bottom sensor resistdneceecond design is displayed in

Figure85.

Fig. 85 The second insole design utilized for this research, incorporating sensors with
reduced sensitivity.

The following sections will provide visual aids in the following order:\tbikage
response of relevant directions while application of force, the system analysis toolbox
best fit line parameter analysis, the converted force calculation from the relevant voltage
response directions compared to the reference force, and the $igstarge comparing

the calculated force and the deviation from the best fit line.
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Of note, the back sensor location resdltsnot exhibit any change in voltage at
values less than 5N for the experimental testing. However, the back sensor location did

exhibit voltage response when practically tested.

4.2.1 Validation Results
X-Direction Results
Front analysis point

Figures 8689 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference force, and the force hysteresis curve fdirectional testing at the front
analysis point respectively.

Alignment of Force and Voltage Data

X Valtage
¥ Voltage
Reference Force(N)

25

Amplitude

D5
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Time(ms)
Fig. 86: Thecomparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line
indicates the X resultant voltage.
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sMeasurEd (mydata) and simulated model output

Best Fits

Ar22100; 95.65

Erx330: 93.81
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Time

Fig. 87: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadratic line with a delay of 100.

Comparison of Reference Force and Calculated Force Data with Phase Shift
3

Reference Force
Calculated X Force after Phase Shift
Calculated ¥ Force after Phase Shift

Force (N)
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0 200 400 600 800 1000 1200 1400 1600 1800

Time (milliseconds)
Fig. 88: The comparison between the reference force in red and the calculated forces for
the X and Y directions. The blue line indicates the calculatéitectional force and the
green line indicates the-dlirectional force.
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Correlation between Voltage and Force after Phase Shift

25 V= 1.2536e-01.2 + 2 8763e+00 +-0.1819
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= Fitted Quadratic Line
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Voltage(V)

Fig. 89: The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.

Middle analysis point

Figures 9693 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference force, and the force hysteresis curve fdirectional testing at the middle

analysis point respectively.
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Alignment of Force and Voltage Data
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Fig. 90: The comparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line
indicates the X resultant voltage.

Sr'.l'leasured (mydata) and simulated model output

Best Fits
arxidd0: 90.24

ar220: 89.55

0 500 1000 1500 2000
Time
Fig. 91: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a cubic line with no delay.
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Comparison of Reference Force and Calcul ated Force Data with Phase Shift
3 T
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Calculated Y Force after Phase Shift

Force (N)

05 I I I | I I I | I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (milliseconds)
Fig. 92: The comparison between the reference force in red and the calculated forces for
the X and Y directions. The blue line indicates the calculateééctional force and the
green line indicates the-tirectional force.

Correlation between Voltage and Force
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Fig. 93 The hysteresis curve visualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.
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Y-Direction Results
Front analysis point

Figures 9497 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference force, and the force hysteresis curve fdiractional testing at the front

analysis point respectively.

Alignment of Force and Voltage Data

3.5 T

X Voltage
Y Voltage
Reference Force(M)

Amplitude

] 500 1000 1500 2000 2500
Time(ms)
Fig. 94: The comparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line
indicates the X resultant voltage.
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Brl.l'leasuredltrnyﬂata]:and simylated mq:]del output

Best Fits
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Fig. 95: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a cubic line with no delay.

Comparison of Reference Force and Calculated Force Data with Phase Shift
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Fig. 96: The comparison between the reference force in red and the calculated forces for
the X and Y directions. Thgreenline indicates the calculaté@-directional force and the
blueline indicates th&-directional force.
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Correlation between Voltage and Force
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Fig. 97: The hysteresis curwesualizing the comparison between the calculated force and
the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.

Middle analysis point

Figures 98101 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and the
reference force, and the force hysteresis curve fdir@ctional testing at the middle

analysis point respectively.
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Alignment of Force and Voltage Data
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Fig. 98: The comparison between the reference force in red and the output voltages in the
X and Y directions. The green line indicates the Y resultant voltage and the blue line
indicates the X resultant voltage.
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Fig. 99: The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters wereudicline with no delay
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Correlation between Voltage and Force Converted - Cubic
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Fig. 100 The comparison between treference force in red and the calculated forces for
the X and Y directions. The green line indicates the calculatéuedtional force and the
blue line indicates the -directional force.

Correlation between Voltage and Force after Phase Shift
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Fig. 101 The hysteresis curve visualizing tb@mparison between the calculated force
and the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.
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Z-Direction Results

Front analysis point

Figures 102105 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and th
reference force, and the force hysteresis curve ftirettional testing at the front
analysis point respectively.

Alignment of Force and Voltage Data

X Voltage
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Z Veltage
Reference Farce(N)

Amplitude

0 500 1000 1500 2000 2500
Time(ms)
Fig. 102 The comparison between the reference force in red and the output voltages in
the X, Y, and Z directions. The green line indicates the X resultant voltage, the yellow
line indicates the Y resultant voltage, and the blue line indicates the Z resultant voltage.
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Eh.ﬂeasured (mydata) and simulated model output
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Fig. 103 The system analysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a quadratic line with a delay of 60.

Comparison of Reference Force and Calculated Force Data with Phase Shift
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61 Calculated Z Force after Phase Shift
Calculated X Force after Phase Shift
Calculated ¥ Force after Phase Shift
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Fig. 104 The visualization of the voltage converted back to force and compared to the
reference force. The red is the reference force, the green isdlection calculated
force response, the yellow is thedifection calculated force response, and blue iZthe
directional calculated force response.
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Correlation between Voltage and Force after Phase Shift
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Fig. 105 The hysteresis curve visualizing the comparison between the calculated force
and the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.

Middle analysis point

Figures 106109 show the voltage response due to force input, the correlation
between the voltage response and the force input in the Matlab system analysis toolbox
for the best fit line characteristics, the comparison between the converted voltage and th
reference force, and the force hysteresis curvedfdirettional testing at the middle

analysis point respectively.
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Alignment of Force and Voltage Data
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Fig. 106. The comparison between the reference force in red and the output voltages in
the X, Y, and Z directions. The green line indicates the X resultant voltage, the yellow
line indicates the Y resultant voltage, and the blue line indicates the Z resultant voltage.
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Fig. 107: The systenanalysis toolbox data report for the best fit line parameters. The
resulting best fit line parameters were a cubic line with a delay of 200.
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Comparison of Reference Force and Calculated Force Data with Phase Shift
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Fig. 108 The visualization of the voltage converted back to force and compared to the
reference force. Theed is the reference force, the green is thairgction calculated
force response, the yellow is thedifection calculated force response, and blue is the Z
directional calculated force response.
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Fig. 109 The hysteresis curve visualizing the comparison between the calculated force
and the best fit line used for the conversion during the pressing and releasing of the force
sensor. The left most blue line indicates the resting position.
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The error is tabulated in Table 6, summarizing the average error percentage over

the working range of each force reading, the median error percentage of the dataset, the

difference in maximum values between the calculated force and the reference force, the

maximum error within the working range, and the maximum error value normalized

across the dataset by dividing by the range of the dataset to indicate the variability of the

data.

Table 6: The error metrics comparing the calculated force from the voltage output
e reference
within the working range of the system for values greater than 0.5 N. The backsanalysi

location did not exhibit change within the experimental testing range.

and th

force

nput.

The

Amodi f |

Average Median Peak Maximum | Max Error
ErrorPercent| Percent Difference Error Percent
(Modified) Error Error Percent | (Normalized)
Percent | (Modified)
Front X 5.246 4.6545 0.19005 47.0057 17.7526
Middle X 5.0603 5.3291 0.87577 37.4172 12.7819
Back X N/A N/A N/A N/A N/A
Front Y 9.481 8.6059 3.56 35.8582 14.6281
Middle Y 11.6642 15.2347 4.3305 20.5689 11.5801
Back Y N/A N/A N/A N/A N/A
Front Z 5.3142 3.0729 0.34974 57.2436 11.1982
Middle Z 6.5225 6.4552 1.7386 26.7658 5.3535
Back Z N/A N/A N/A N/A N/A
Average 7.21 7.23 1.84 37.48 12.22

4.2.2 Practical Testing Results

After experimental testing to find the best fit line equations for each direction at

each analysis point, the insole system was tested practically by attaching directly to the

foot. Once attached, the system was tested with multiple gait methods, including



90

standing walking on a flat surface, walking uphill, walking downhill, sidestepping left to
right, and sidestepping right to le&ll tests were conducted multiple times to research
repeatability of output trends.

Concurrently, the gait methods were also tested visually with marker analysis.
Visual analysis allowed for identification of different phases during each gait method
utilized during the practical testing.
Standing

First, the systerwas tested by attachirige insole to the foot while seatéhen,
from a seated position, the user stood up for several second, and sat back down,

demonstrated in FigurELQ

¥ THE MONTH

R

]

°r

Fig.110 A demonstration of the user Wearihg the device from a seated position and
standing on the device, collecting resultant voltage at all analysis points.

The resulting voltage was collected, displaye#ligures 111-113for the front
analysis pointests Figures 114-116for the middle analysis poit¢sts andFigures 117-

119for the back analysis poitsts
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Front analysis point

Relation of Voltage During Stepping - Test 1
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Time(s)
Fig. 111 The resulting voltages of the front system analysis ghinhg practical testing
during the first testf standing with the insole system

Relation of Voltage During Stepping - Test 2
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0.5 ' '
0 5 10 15

Time(s)
Fig. 112 The resulting voltages of the front system analysis point during practical testing
during the second tesf standing with the insole system
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Relation of Voltage During Walking Downhill - Test 3
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—DE 1 1
] 5 10 15

Time(s)
Fig. 113 The resulting voltages of the front system analysis point during practical testing
during the first testf standing with the insole system

Middle analysigoint
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Fig. 114 The resulting voltages of the middle system analysis point during practical
testing during the first test of standing with the insole system.
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Relation of Voltage During Stepping - Test 2
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Fig. 115 The resulting voltages of the middle system analysis point during practical
testing during the second test of standing with the insole system.
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Fig. 116 The resulting voltages of the middle system analysis point during practical
testing during the third test of standing with the insole system.



94

Back analysis point
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Fig. 117 The resulting voltages of the back system analysis point during practical testing
during the first test of standing with the insole system.
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Fig. 118 The resulting voltages of the back system analysis point during practical testing
during the second test of standing with the insole system.
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Relation of Voltage During Stepping - Test 3
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Fig. 119 The resulting voltages of the back system analysis point during practical testing
during the third test of standing with the insole system.
Walking 17 Flat Surface
Next, the system was attached to the foot and was used to walk on a flat surface.

The walking method was analyzed visuallyd processeitd Matlab to identify different

walking phases, demonstratedrigure120.

I il
orr n’ |||[|I||Il|
0.6 | “IIHII Hif

Y Location{m)
=]
[%]

] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
X Location(m)

Fig. 120 The Matlab visualization of the marker analysis data collected during testing to
identify different walking phases for the gait motion of walking on a flat surface.
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The results from the front, middle, and back sensing locations are displayed in

Figures121-123 124126, and127-129 respectively
Front analysis point

Relation of Voltage During Walking - Test 1
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Voltage(V)
o
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Time(s)

Fig. 121 The resulting voltages of the front system analysis point during practical testing
during the first test of walking with the insole system.

Relation of Voltage During Walking - Test 2
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Fig. 122 The resulting voltages of the front system analysis point during practical testing
during the second test of walking with the insole system.
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Relation of Voltage During Walking - Test 3
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Fig. 123 The resulting voltages of the front system analysis point during practical testing
during the third test of walking with the insole system.

Middle analysigpoint
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Fig. 124 The resulting voltages of the middle system analysis point during practical
testing during the first test of walking with the insole system.
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Relation of Voltage During Walking - Test 2
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Fig. 125 The resulting voltages of the middle system analysis point during practical
testing during the second test of walking with the insole system.

Relation of Voltage During Walking - Test 3

0.5 T

Voltage(V)

Time(s)
Fig. 126. The resulting voltages of the middle system analysis point during practical
testing during the third test of walking with the insole system.
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Back analysis point
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Fig. 127 The resulting voltages of the back system analysis point during practical testing
during the first test of walking with the insole system.
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Fig. 128 The resulting voltages of the back system analysis point during practical testing
during the second test of walking with the insole system.
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Relation of Voltage During Walking - Test 3
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Fig. 129 The resulting voltages of the back system analysis point during practical testing
during the third test of walking with the insole system.
Walking 1 Uphill
The system was then used to walk on an uphill surface. Once again, the gait

motion was analyzed visually and processed in Matlab to identify walking phases during

motion, demonstrated FRigure130

Fig. 130 The Matlab visualization of the marker analysis data collected during testing to
identify different walking phases for the gait motion of walking uphill on a sloped
surface.












































































































































































































