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ABSTRACT 

 

 Abnormal gait caused by stroke or other pathological reasons can greatly impact 

the life of an individual. Being able to measure and analyze that gait is often critical for 

rehabilitation. Motion analysis labs and many current methods of gait analysis are 

expensive and inaccessible to most individuals. The low cost, wearable, and wireless 

insole-based gait analysis system in this study provides kinetic measurements of gait by 

using low cost force sensitive resistors. This thesis describes the design and fabrication of 

two insoles and their evaluation with 10 control subjects and eight hemiplegic stroke 

subjects. The first insole used 32 force sensitive resistors and was used to determine the 

ideal locations of 12 sensors in the second insole. Linear regression was used on training 

data for each subject testing the second insole to determine ground reaction force, ankle 

dorsiflexion / plantarflexion moment, knee flexion / extension moment, and knee 

abduction / adduction moment. Comparison with data collected simultaneously from a 

clinical motion analysis laboratory demonstrated that the insole results for ground 

reaction force and ankle moment were highly correlated (all > 0.95) for all subjects, while 

the two knee moments were less strongly correlated (generally > 0.80). This provides a 

means of cost effective and efficient healthcare delivery of mobile gait analysis that can 

be used anywhere from large clinics to an individual’s home. The two insoles also 

provide the means for further testing of force sensitive resistors in different applications. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

This section introduces the background and motivation for the instrumented insole 

systems with 32 sensors (prototype) and 12 sensors (subsequent design). The research 

and analysis that was done in preparation for the paper presented in Chapter 2 will then 

be discussed. 

 

1.1 Background 

People generally learn how to walk soon after they turn one year old. They use 

this skill daily for the rest of their lives. Unfortunately for some, the ability to walk is 

taken away or made difficult as a result of an accident or illness. Almost 10 million 

(5.2%) of adults between the ages of 18 and 64 in the United States are classified with a 

walking disability[1]. Gait analysis, the study of walking, can be an essential part in 

helping with rehabilitation and recovery. Physical therapists, doctors, surgeons, scientists, 

and many others can use the results of gait analysis to improve lives. It is becoming more 

important as orthopedics, rehabilitation, sport medicine and biomechanics fields continue 

to grow [2]. 
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The most common gait analysis is done in a motion analysis laboratory, which 

usually contain infrared cameras and force plates. Computer software connected to the 

laboratory calculates several useful kinetic parameters such as ground reaction force, 

moments, and center of pressure. Along with kinematic data of the joints and body 

segments, these parameters can be used to calculate forces and moments on each joint. 

The result is a computer model of a complete gait cycle. Comparing results from healthy 

gait and abnormal gait can help identify functional problems and provide 

recommendations for treatment of those individuals. 

A motion analysis laboratory depends on a variety of inputs to complete the 

calculations and produce the desired outputs. These inputs can be expensive and complex 

because of the equipment and software needed to run them. The lab also requires trained 

personnel to run them and are not easily accessible to clinics and hospitals where people 

would benefit from them.  

Alternative methods of gait analysis have been the focus of research for several 

years. For example, the shoe or insole-based gait analysis system is a cost effective 

option. This option becomes much more available to people who do not have access to a 

motion analysis lab. However, the accuracy and complexity of the output parameters 

decreased because of the fewer and simpler inputs. 

This thesis explores the research being done previously on shoe-based kinematic 

and kinetic gait analysis and presents the research and design done on a new insole-based 

system. This new design will be much less expensive, use fewer and simpler sensors, and 

be more accessible while maintaining an acceptable accuracy of the desired outputs.  
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One of the applications of this insole design is that it will be used in the 

development and modification of ankle foot orthotics (AFOs) used by those who have 

had a stroke. The data from the insole can be used in many parts of the rehabilitation 

process. It can be used to determine the stiffness setting of the AFO for individual 

patients. Stroke patients were used for testing the insoles in this study to provide results 

from a real application. Every year, 795,000 people suffer from a stroke. About 610,000 

are their first stroke, while about 185,000 are recurrent attacks[3]. 

 

1.2 Previous Work 

 

 Currently, orthotists have limited resources available to them to analyze gait and 

obtain numbers, graphs, and values that will allow them to efficiently design or modify 

orthotics. To determine the usefulness of an ankle foot orthotic (AFO), orthotists use 

functional tests, but are sometimes left to rely more on eyeballing it and guessing. 

Commercially, there are many ways to perform gait analysis. Using a clinical 

motion analysis laboratory (MAL), with infrared cameras and force plates, is one of the 

most common ways that gait is monitored. These labs have become a standard of 

measurement because of their accuracy; however, they are expensive and less accessible. 

Most systems are complicated to set up and run. They require a trained employee to 

maintain and run the system. They also place many limits on the actual analysis. They 

limit the number of measured steps in one trial and introduce inaccuracies due to the 

subject altering their gait to target the force plate. They do not replicate normal outdoor 

walking and make it difficult to measure the variability of walking situations. Subjects 
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also mask or exaggerate their walking problems when they are walking short distances 

[4]. 

Some companies, such as Tekscan (Boston, MA) and Pedar novel (Munich, 

Germany), offer single point force sensors as well as other insole shaped custom pressure 

sensors that have been used as a more mobile application in gait measurement. The 

various varieties of sensors can be used like flexible force plates or placed inside the shoe 

for continuous measurement. Most of these systems allow data to be gathered through 

USB connection or through wireless communications. These commercial systems opened 

the door for further research of wearable, insole-based gait measurement; however, they 

are too expensive to be used in a home or rehab environment. 

A. Forner Cordero used the Pedar system to calculate the three components of the 

ground reaction force. His insoles collected data at 50 Hz and 50% of his trials were 

invalid due to a missing foot marker, the foot not landing on the force plate, and errors in 

the insole recordings[5]. This study shows that even with the use of more expensive 

sensor systems, there are still difficulties getting good trials. As will be seen, the two 

insoles in the current study had more than a 50% valid testing rate. 

Brian T. Smith used the plantar pressure profiles determined using a Tekscan 

pressure sensitive membrane array to find ideal locations for FSRs in his system that 

detects gait events in children with cerebral palsy [6]. These examples show that 

commercial gait analysis systems are useful for validating and designing new and less 

expensive systems. 

One of the first cost effective, insole-based systems was the “footswitch” system 

created by Hausdorff at Boston University in 1995. His study focused on providing a 
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simple, inexpensive, and accurate measurement of initial and end foot contact times. He 

was able to build his system for only $50 using force sensitive resistors (FSRs) [7]. This 

research led to other studies using the same insole and also using other types of sensors 

such as gyroscopes, accelerometers and EMGs [8-13]. At the University of Utah, there 

have been more studies that have focused primarily on using FSRs for mobile gait 

analysis, activity monitoring and functional electrical stimulation [14-18]. These insole 

systems typically have prototype costs on the order of a few hundred dollars, or two 

orders of magnitude lower than commercial systems. 

The FSRs provide an inexpensive solution for force sensing; however, they are 

not as accurate because of their nonlinear nature [19]. This disadvantage can be overcome 

by using more FSRs as shown in a study at the University of Utah, where a new paradigm 

for designing medical instrumentation is given. This study proposes that quantity trumps 

quality in choosing sensors [15]. The current research shows that the use of FSRs can 

give an accurate measurement of ground reaction force and flexion/extension ankle 

moment. It even shows that FSRs located in the insole can give information about knee 

moments and opens the possibilities of many other measurements. 

Wireless systems have been researched and have allowed subjects to have more 

freedom while walking. Without wires, the subject can walk normally. Many papers 

discuss the use of wireless systems [12, 20-23]. At the University of Utah, Christian Redd 

investigated a wireless system that also provided a feedback system for the user. This 

feedback system presented gait parameters in visual, audible and vibrotactile methods 

[16]. 



6 

 

Real time gait analysis and feedback can be helpful in the rehabilitation and 

training process. Alpha Agape Gopalai used FSRs to study postural control in young 

adults. He found that the system was able to be used in real time as a qualitative tool for 

initial, on the spot assessment and as quantitative measure for postacquisition assessment 

[24]. 

Machine learning has proved to be an effective approach in training the sensors to 

more accurately measure desired parameters. Daniel Tik-Pui Fong used the Pedar system 

with 99 sensors covering the complete plantar area. He then used a stepwise linear 

regression method to identify the sensors sets that would predict the best triaxial ground 

reaction force [25]. Using machine learning has enabled systems to measure parameters 

to which they are not directly connected. As long as there is some correlation, machine 

learning techniques are able to train the sensor to measure with some percentage of 

accuracy. Benny Lo used Bayesian analysis to measure subplantar ground reaction force 

from a pervasive sensor attached to the ear [26]. Meng Chen used a system based on 

support vector machine regression for learning the relationship between eight FSR values 

and the corresponding mean pressure acquired by a Pedar insole system [27]. In another 

study, Meng Chen uses the Hidden Markov Model. However, he focuses only on toe in 

and toe out gait abnormalities [28]. 

There have been a few studies using wearable systems to gather data about the 

knee. Most of these studies use accelerometers, gyroscopes or cloth sensors placed on our 

around the knee [29]. Pete B. Shull built a system that gave the user feedback in order to 

reduce the knee adduction moment [30]. T. Liu’s system measures three-dimensional 

lower limb kinematic and kinetic parameters, but requires sensors to be mounted on the 
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thigh, shanks and feet [23]. The current research used a linear regression method to 

calculate the knee flexion /extension moment and the knee abduction / adduction 

moment. 

 

1.3 Contributions 

 This thesis has resulted in the following contributions: 

 A 32 sensor insole (men’s size 10) for lab based experimentation and evaluation 

of sensor locations. 

 A 12 sensor flexible insole (adjustable to two basic sizes, covering a range of 

sizes from women’s size 7 to men’s size 11) with wireless transmission of data to 

a laptop. 

 Calibration routines used for calibrating the sensors. Sometimes the initial curve 

fitting function would not adequately fit the curve between the FSR and load cell 

data in calibration. These routines let the user decide how to manipulate the data 

to get a better fit. The user could add extra data points in regions where data 

points were scarce, so that the curve would align better in that region. The user 

could choose to add extra data points to the beginning of the data that complete 

the curve. The user could change the order of the curve fitting polynomial. These 

routines result in choosing the best calibration equation from given trials. 

 Analysis software operated in MATLAB. This software allows the user to prepare 

and crop the data into steps. It runs a linear regression based on training and 

testing sets defined by the user and then calculates the RMS error and Spearman’s 

correlation coefficient for each of the runs. It allows the user to define the 
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parameters such as maximum and minimum points in a step or the slope between 

two points. The software presents and saves the data in a plot for visualization and 

saves the data in a MATLAB structure to be opened and used later. 

 

 

1.4 Hypotheses Tested 

In order for the 12 sensor insole to be useful compared to the many other products 

that have been created, it has to have a certain level of accuracy. The MAL is currently 

accepted as a “gold standard” and can be used to validate other systems. The 12 sensor 

insole will be run concurrently with the MAL and the results for ground reaction force 

and anterior-posterior ankle moment will be compared. 

 Hypothesis 1: The 12 sensor insole can predict ground reaction force with RMS 

error < 10% and a Spearman’s correlation coefficient over 0.95. 

 Hypothesis 2: The 12 sensor insole can predict anterior-posterior ankle moment 

with RMS error < 10% and a Spearman’s correlation coefficient over 0.95. 

 

1.5 Overview 

 The following chapters in this thesis have been submitted, or will be prepared for 

submission for inclusion in conferences and journals. 

 In Chapter 2, the design process of the 32 and 12 sensor insoles is described and 

will be organized for a conference publication later this year.  

 In Chapter 3, a conference publication is presented describing the design and 

testing of the 32 and 12 sensor insoles. This paper will be submitted for inclusion in the 

2012, IEEE Transactions on Biomedical Engineering.  
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 In Chapter 4, the main conclusions of the thesis will be presented, along with 

recommendations for future work 
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CHAPTER 2 

 

DESIGN, FABRICATION, AND TESTING OF INSOLE SYSTEMS 

 

2.1 The 32 Sensor Insole 

  The first phase of creating an insole-based measuring system was to build a 

prototype with as many force sensing resistors that could fit inside a Converse shoe. This 

system used many more sensors than have been used in previous studies and allowed for 

the exploration of the importance of each sensor in the design based on its position. The 

results of the first insole were then used in the design of a second insole with fewer 

sensors. The sensors in the new insole were placed in the ideal locations to get the most 

accurate measurements. 

The FSR 402 Round Force Sensing Resistors from Interlink Electronics 

(Camarillo, CA) that had been used in previous studies at the University of Utah were 

chosen because of their effectiveness in prior lab implementations of low cost sensor 

insoles. These sensors are very cost effective, thin, and robust. They do not require 

complex circuitry or integration. They are limited only by their nonlinearity in loading. 

The first insole was connected to a National Instruments data acquisition module 

(DAQ) which allowed for 32 analog input signals. Thirty-two sensors were placed inside 

the footprint of a size 10 men’s Converse shoe. The sensors were positioned so that they 
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covered the entire area of the footprint, and were more dense in important locations such 

as under the heel, metatarsophalangeal joints, and the great toe as shown in Figure 2.1. 

Each sensor had leads attached to it, so the sensor had to be oriented to allow the leads to 

go towards the outside of the insole with enough room to reach the outside of the shoe. 

The sensors were grouped into four quadrants so that they could be easily identified. 

 

 

 

Figure 2.1 Sensor Locations on the 32 Sensor Insole. 
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Ecoflex 00-30 silicone rubber compound from Smooth-On (Easton, PA) was used 

to make the main structure of the insoles. A sandwich design was chosen to facilitate the 

correct placement of the high number of sensors. Previously, sensors were embedded 

during the process of pouring the silicone molds. As this is a time sensitive process, 

sensors would need to be placed quickly. A silicone layer approximately 4 mm thick was 

placed in the bottom of the Converse shoe on top of its normal insole. The sensor 

locations were traced onto a sheet of contact paper and placed on top of the first silicone 

layer. A dremel tool was used to create slits around the outer edges of the shoe to allow 

the leads of the sensors to exit the shoe. The leads of the sensors were then fed through 

the holes and the sensor was adhered to the contact paper using the adhesive backing. 

This layer was covered with another thin silicone insole, approximately 3 mm thick. 

Ribbon cable was used to connect the sensors to a circuit board that was carried in 

a pack on the subject’s waist. The shoe was divided into four quadrants to keep the wires 

from getting tangled together. Each quadrant was supplied with a 5 volt supply which 

was daisy chained through the leads on one side as shown in Figure 2.2. The other leads 

were grouped with their respective ribbon cable to connect to the board. Hot glue was 

used around the soldering joints to provide stability and stress relief. A voltage divider 

was built for each signal using a changeable resistor integrated circuit. This would allow 

the testing of diverse resistor values in different studies. In this study, the 1000 Ohm 

resistor was used because of its efficiency in previous studies. However, other resistor 

values were quickly tested to validate its use. The signal was then sent through a 5 meter 

ribbon cable to the DAQ from the subject’s pack. The complete 32 sensor insole can be 

seen in Figure 2.3. 
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Figure 2.2 Wiring the Leads for the 32 Sensor Insole 

 

Figure 2.3 Finished 32 Sensor Insole 
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The sensors were calibrated using a load cell as shown in Figure 2.4. Force was 

slowly loaded onto the sensor while both the insole and load cell stored data. The two 

sets of data were then plotted with the FSR data given in volts on the independent axis 

and the load cell data given in 1/1000 lbs on the dependent axis. Three pairs of data was 

collected for each sensor and the best of the three was chosen based on the slope of the 

curve and the maximum voltage reached. A polynomial equation was fit to each of the 

curves which could be used to convert voltage readings on the FSRs to a force reading in 

Newtons. These polynomial equations were created for each of the 32 sensors and 

entered into the MATLAB code. 

Control subjects and stroke patients with a shoe size close to size 10 men’s were 

recruited to test the 32 sensor insole as approved by the University of Utah's Institutional 

Review Board. Testing took place in the motion analysis laboratory(MAL) in the 

Department of Physical Therapy of the University of Utah. The PlugInGait marker 

system was used, which includes 18 markers placed on the lower limbs and tracked 

 

Figure 2.4 Calibrating the Sensors with a Load Cell 
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by the infrared cameras. Subjects were asked to walk on the force plates with the 

instrumented shoe on while both the MAL and the insole systems captured the data. The 

two systems were synchronized by having the subject tap their heel twice on the force 

plate before walking. This worked well to line up the data, but it was difficult for the 

stroke patients to tap their foot. 

The ground reaction force was calculated by summing the force from each of the 

sensors. The ankle moment was calculated by multiplying the force of each sensor by its 

anterior posterior distance to the ankle joint center. The results demonstrated that the 32 

sensors performed well for the kinetic calculation of ground reaction force and the 

kinematic calculation of ankle moment. Comparing plots of the insole data on top of the 

motion lab data showed that the insole picked up many of the same trends and curves as 

the lab data although the scaling was not exactly right. The sensors on the insole only 

picked up a proportion of the weight of the subject because they did not cover the whole 

area of the footprint. Tests were run with the subject standing statically on the insole and 

force plate simultaneously, and showed that the sum of all the forces on the insole 

typically around 50% of that measured by the force plate. 

In preparation for the next insole design, analysis was done to isolate which 

sensors were most valuable in the ground reaction force and ankle moment calculations. 

First, subsets of the 32 sensors were defined for use in the calculations. These subsets 

were defined based on their anatomical location of the sensors, their loading trends, and 

the number of sensors in certain areas of the footprint.  

Subsets containing sensors around the heel, metatarsophalangeal joints, and toes 

were used in different combinations to see which set most closely matched the MAL 
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data. Each subset group was given a scaling factor which was varied to see how much the 

subset of sensors affected the calculations. It was found that many sensors could be 

eliminated because they did not have as much effect as the sensors in those anatomical 

positions. It was also found that some of the sensors in the arch region of the foot played 

a bigger role in one of the subjects, where in the other subjects these played a minimal 

role. 

The data from the sensors were analyzed to show how much they were used on 

average with all of the subjects. The maximum, minimum, and average values of the 

force on the sensors during gait showed which sensors were getting loaded. This allowed 

other sensors to be eliminated from a final insole design because they were used 

minimally when the subject walked. It was found that in some places, the sensors would 

be saturated to their limit and it was hypothesized that this would affect the resulting 

force. The sensor location would need to be in a place where it would get loaded, but not 

get saturated.  

The last analysis done on the data was to divide the footprint into seven area 

sections. These areas were based on anatomical position and locations where sensors 

were most used or showed other importance. The number of sections (seven) was 

selected by a limitation of the number of analog inputs available on the desired wireless 

solution. A sensor was chosen from each of the sections. The ground reaction force was 

then calculated by multiplying the sensor force by a factor based on the percentage of the 

total footprint area that its section covered before the sum was taken. The ankle moment 

was calculated by multiplying those scaled forces by the distance from the ankle joint 

center to the center of the area section. The area sections are shown in Figure 2.5. 
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Figure 2.5 Area Sections of the 32 Sensor Insole 

 

 

 

2.2 The 12 Sensor Insole 

 

Ultimately, no set of seven sensors to predict force and moment data well were 

identified. Thus, for the second insole, it was decided that it would contain 12 sensors 

because more sensors on the first insole meant better output data. Two wireless 

transmitters would be used to transmit the five extra sensors. One of the restrictions was 

that the leads of the sensors needed to remain inside the insole so that it could be used in 

the subjects’ shoes. To plan the location of these sensors, the information learned from 

the 32 sensor insole was taken into consideration as well as a diagram showing the 
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pressure distribution of the foot. The pressure distribution was taken from force plate data 

and showed a gradient of where the most force was located. As expected, the high 

pressure zones were the heel, metatarsophalangeal joint, and under the great toe. For the 

12 sensor insole, sensors were placed on the edges of these pressure zones to decrease the 

possibility of saturating the sensors. Two sensors were placed in the area of the arch to 

provide complete coverage and also account for subjects with different shaped feet. 

The comparison of the 12 new insole sensor locations and the 32 sensor locations 

are given in Figure 2.6. The figure also shows where those 12 sensors are in relation to 

the pressure diagram of the foot. 

 

Figure 2.6 Location of the 12 Sensors Based on 32 Sensor Insole and Pressure Diagram. 
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 The sandwich design for the first insole worked well; however, over time the 

different layers shifted slightly on top of each other. Because of the prototype nature of 

the design, the insole needed to be nonpermanent to allow troubleshooting and 

modification of sensors that might stop working. This idea would carry on to the 12 

sensor insole, but in the future a more permanent insole structure would need to be made 

that would fix the sensors in the correct position without shifting. 

One of the changes in the design of the second insole from the first was the use of 

a flexible circuit board. This would allow for the insole to be much thinner than previous 

insoles and take out the complexity of planning routes for individual wires. The flexible 

circuit board would allow for faster manufacture of the insole. In this design, the ribbon 

cable would be attached to the medial side of the foot in the arch area. This would be the 

area least likely to receive stress from the loading of the foot and would allow room for 

the wires to be soldered onto the flexible circuit. The flexible circuit was designed using 

Cadsoft Eagle PCB Design Software. Two different sizes were made to accommodate a 

more diverse testing population. The large size was designed towards a men’s size 10 

shoe while the small size was a women’s size 7.Another change was that each silicone 

layer was made to be 2 mm thick to result in an even thinner final insole.  

The leads of the sensors were first soldered and then the sensors were adhered to 

the flexible circuit. The silicone layers were then placed on either side it. On the outside, 

contact paper was used to provide stability for the insole and electrical tape held it all 

together. Because there was a lot of stress on the wire connection to the flex circuit, the 

wires were soldered, bent over themselves and then hot glued to keep the connection. 

This insole could then fit into the subject’s shoe on top of their regular insole. 
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The transmitter box was designed to contain the voltage divider circuit as well as 

the wireless transmitters, TI EZ430-RF2500T. This circuit was powered with 3.3 V and 

ran off two AA Batteries. A voltage regulator maintained the 3.3 Volts. A wireless 

receiver, also a TI EZ430-RF2500T, was connected through USB to a computer where 

the data was collected via a custom MATLAB gui. The transmitter box can be seen in 

Figure 2.7. 

 

Figure 2.7 Wireless Transmitter Box Circuit Board for the 12 Sensor Insole. 
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A new set of control subjects and stroke patients were recruited to test the new 

insole. Again, the testing was done in the MAL at the University of Utah.. The goal was 

to collect steps from about 10 walking trials. For the stroke patients, this could result in 

about 20 collected steps if they stepped on each of the two forceplates. For the control 

subjects, it also could result in 20 steps because for each trial, they walked over the force 

plates, turned around, and walked back across the force plates. This time, the two systems 

were synchronized using the forceplate, and using an FSR that was connected externally 

from the insole. This FSR plugged into the top of the transmitter box and could be either 

left there and held by a control subject as they walked, or unplugged by an assistant 

before a stroke patient walked. The systems were synchronized by tapping four or five 

times on the FSR as it rested on the force plate. 

In order to compare the insole data to the MAL data, each step was extracted from 

the data. Initially, the data was analyzed as in the 32 sensor insole, with the sum of the 

sensor outputs used for ground reaction force and the product fo the sensor locations 

multiplied by their forces to calculate ankle moment. 

 The root means square (RMS) error was calculated between the two sets of data. 

For the ground reaction force, the RMS error was divided by the maximum value of the 

MAL data to obtain the percent RMS error. For the ankle moment, the RMS error was 

divided by the difference between the maximum and minimum MAL moment data to 

obtain the percentage. The RMS error indicates how much error is between two sets of 

data. The original target specifications were for an RMS error below 5% for ankle 

moment and below 10% for ground reaction force. However, after the initial 32 sensor 

insole test, it was clear that the ankle moment was similarly difficult to determine as the 
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force, and the target specifications were revised to obtain an RMS error below 10% for 

both ankle and moment. 

The Spearman’s correlation coefficient was also calculated between the two sets 

of data for each step. Spearman’s correlation coefficient indicates how similar the shape 

of two sets of data are, and ignores any offset. The target specification was to achieve a 

Spearman’s correlation above 0.9 for both force and ankle moment. 

Using this initial approach, the features in the insole data matched some of the 

features of the MAL data, particularly with control subjects. However, it was apparent 

that these results were insufficient on their own to meet the target specifications. 

Next, a linear regression technique was implemented. The theory of this technique 

is to take the inputs to the system (the 12 insole force values) and match them up to the 

desired outputs (the MAL ground reaction force, ankle moment, or other parameters). 

The equation:                                    can be used as a relation between the 

inputs and outputs. Finsole is an array of each of the 12 input sensors, Fmotionlab is the output 

ground reaction force for the MAL, B1-12 are 12 scaling coefficients, each one matching 

up with a sensor, and B13 is a shifting coefficient.  

 The data gathered from the steps were separated into groups of training data and 

testing data. The training steps were lumped together and fed through the linear 

regression formula, solving for the coefficients. The testing data was then put into the 

equation with the coefficients, solving for the ground reaction force. The details of this 

analysis and the corresponding results are discussed in the paper presented in Chapter 2. 
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Figures (hidden text) 
3.1 The Kinetic Insole with 12 FSRs Mounted on a Flexible Circuit Board 
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Tables (hidden text) 
T3.1 Characteristics of Participants 
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Tables (hidden text) 
T3.2 %RMS Error and Spearman's for Force and Moment Comparison 

T3.3 Percent Error for Compared Maximum Forces and Moments. 
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Figures (hidden text) 
3.2 Representative Plots for Control Subject 

3.3 Representative Plots for Stroke Subject 
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CHAPTER 4 

 

CONCLUSIONS AND FUTURE WORK 

 

4.1 Conclusions 

 

 This thesis documented the design, fabrication, and validation of an insole-based 

gait analysis system. A 32 sensor insole was developed and gave information about 

where the sensors should be located to be most effective. A 12 sensor insole was then 

developed with a linear regression model for each of the subjects on which it was tested.  

Hypothesis 1 stated that the 12 sensor insole can predict ground reaction force 

with RMS error < 10% and a Spearman’s correlation coefficient over 0.95. Experimental 

results demonstrated that the insole met the specifications. The average RMS error was 

5.4% for the ground reaction force and for the control subjects and 6.4% for the stroke 

subjects. The Spearman’s correlation coefficient was an average of 0.97 for the control 

subjects and 0.96 for the stroke subjects. 

Hypothesis 2 stated that the 12 sensor insole can predict anterior-posterior ankle 

moment with RMS error < 10% and a Spearman’s correlation coefficient over 0.95. The 

average RMS error was 5.9% for the control subjects and 9.8% for the stroke subjects. 

The average Spearman’s correlation coefficient was 0.97 for control subjects and 0.95 for 

stroke subjects. 



34 

 

The average RMS error for knee flexion and extension moment was 10.7% for the 

control subjects and 13.7% for stroke patients. The average Spearman’s correlation 

coefficient was 0.89 and 0.91 for the control subjects and stroke patients respectively. 

The average RMS error for knee abduction and adduction moment was 16.4% for 

the control subjects and 17.1% for the stroke patients. The average Spearman’s 

correlation coefficient was 0.84 and 0.82 for the control subjects and stroke patients 

respectively. 

The low error and high correlation between the insole and MAL values validates 

that the 12 sensor insole system can be used for gait analysis. 

 

4.2 Future Work 

The 12 sensor insole performed well; however, there are still improvements that 

can be made in the immediate and more distant future. The insole design, the wireless 

transmission, testing procedures, and analysis techniques have areas where they can be 

improved. 

 Previous work on wearable gait measuring systems has given ideas about new 

things to try in the construction and design of our systems. For example, Dragoljub 

Surdilovic created a system where the sensors were placed on the exsole of the shoe 

rather than on the insole because he argued that there was too much variability in the 

shoes and how they fit the foot to provide the level of accuracy needed. He was 

measuring center of pressure and gait phases in robots, subjects with artificial limbs and 

patient rehabilitation [1]. Future work could include making a more robust system to be 
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worn inside the shoe that correctly measures the desired parameters for a variety of 

shapes of feet. 

 There are a few papers that discuss the FSR circuitry, implementation, and 

calibration procedure. N. Maalej characterized the FSRs and tested an amplification 

circuit to use in gait analysis [2]. Stephen Urry presented a study that discussed the lack 

of understanding of the relationship between the sensor characteristics and the associated 

data. He focused on the difference between pressure and force measurement and how that 

affects the results [3]. J.A. Florez discusses the time dependency of the FSRs in his 

research. This can lead to difficulty in calibration. He suggests that the best way to 

calibrate is to closely simulate the loading conditions that will be applied in the use of the 

FSR. He discussed the calibration of the FSR in static and dynamic applications and 

using a mechatronic device for that calibration [4]. In the future calibration of FSRs, it 

would be good to look into calibration techniques and how to get the most accurate data 

from them. 

In our insole system, there were times when the transmission of data failed for 

one transceiver and there was a loss of data for about 20 ms. Work should go into 

improving the consistency and robustness of the wireless transmission of data. Alf 

Johansson did a study that included an investigation on the coexistence of WiFi and Blue 

Tooth signals with the wireless system. In his research, he saw loss of data packets when 

receiving signals from two insoles, one on each foot [5]. This is comparable to our 

system because there were two transceivers. Experimentation should be done to identify 

the reasons for the transmission error and to find ways to fix it. 
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 Now that the system has been built and validated in the MAL, it should be tested 

in a variety of walking situations. Varying subjects, terrain, walking speed, and other 

conditions will provide much more needed information of how well the insole measures 

real life applications. As stated before, the MAL greatly limits the amount of steps that 

can be collected and also restricts normal walking conditions. As Bijan Najafi showed in 

his brief study of varying walking conditions, there are many possibilities to analyze with 

our system [6]. Guillaume Chelius tested his sensor network by doing a six day 

experiment of running through the desert [7]. S.M.N. Arosha Senanayake did a study that 

focused on the gait patterns of soccer players with FSRs located in their shoes [8]. There 

are many possibilities for testing our system now that we aren’t confined to the motion 

analysis lab.  

 Further analysis will need to be done to create a built in model for linear 

regression that fits different sizes of the insole and different levels of abnormality in gait. 

These models would be calibrated with the MAL beforehand so that new subjects would 

not have to be tested in a MAL. Daniel Tik-Pui Fong’s study in 2008 using a stepwise 

linear regression identified that different subjects, motions, footwear and floor conditions 

affected the accuracy of the training. He planned to look into those effects further but no 

publications from him on the subject can be found [9]. H. Rouhani tested two training 

strategies, one using intrasubject and another intersubject testing. He was testing on 

healthy subjects and subjects with ankle disease. Unhealthy subjects got higher error 

when trained on different subjects but that error improved when the training was applied 

on the same patient [10]. H.H.C.M. Savelberg carried the research further as he varied the 
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walking speed from 0.9 m/s to 2.3 m/s and investigated both intrasubject and intersubject 

training. He saw that speed was a factor in the learning methods [11].  

 The biggest area for future work is to expand the use of linear regression to make 

the knee moment calculations more accurate. Linear regression could also be applied to 

train the FSRs to measure kinematic parameters of the ankle and knee joints. The insole 

should also be able to measure the varus / valgus ankle moment, but will need to be 

validated with a new marker set that makes it possible for a more accurate calculation in 

the MAL. 
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