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ABSTRACT 

Ongoing lower body pain is a pervasive problem around the world. If untreated, these 

issues may develop into chronic pain and more serious injuries. Current affordable 

solutions only address symptoms of pain without tackling the underlying root causes. 

By connecting users to caregivers, literature, and exercises, the LAAF (Live Active and 

Agony Free) platform aims to enhance the connected strategy in each user’s healthcare 

journey by emphasizing a holistic and complete approach to chronic pain management 

and prevention. LAAF has two new updates in the insoles and the mobile app. A new, 
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dynamic flexible Printed Circuit Board (PCB) design allows the LAAF insole to 

support multiple shoe sizes with a single flexible PCB, making the product more cost-

effective. Updates to the mobile app include several new parameters which will further 

assist caregivers in diagnosing and prescribing personalized corrective measures. 

Compared to current methods, the updated LAAF insoles provide the most relevant 

data for a new, effective, and affordable way to manage and prevent chronic pain across 

the world. 

Keywords: Chronic Pain · Smart Insole · Wearable Device · Gait Cycle · Biomechanics 

· Human Factors and Ergonomics 

INTRODUCTION 

According to the Institute for Health Metrics and Evaluation US healthcare spending in 

2016 musculoskeletal disorders cost an estimated $380 billion in lost wages, reduced 

quality of life, and ultimately workers’ mental health . It is the second most common 

reason for people calling in sick to work. Employers offering corporate wellness 

support are valued by employees. Digital care solutions offer an innovative 

comprehensive approach to chronic pain in employees and have been shown to decrease 

employer healthcare costs. More than 80% of employees feel their employers should 

offer more support to address physical and emotional pain 2, especially as more than 

90% of respondents to a Harvard Business Review Analytics Services survey concur 

that pain takes a toll on people’s ability to be highly productive and engaged at work 

(Scott Wooldridge, 2021). Data from the National Health Interview Survey (NHIS) to 

examine the prevalence of chronic pain and its impact among adults in the United States 

found that 50.2 million adults (20.5 percent) reported pain on most days, or every day 

based on a chronic pain module introduced into the 2019 edition of the NHIS (Yong et 

al., 2021). Back pain and hip, knee, or foot pain were the most common pain locations. 

These findings point to a gap in the health care benefits and wellness resources that are 

available to help employees treat their pain, whether to alleviate chronic conditions or 

to prevent one from developing. 

Digital care shows promise to expand access to comprehensive care, improve 

patient outcomes, and reduce costs to both patients and employers. In the early stages, 

virtual physical therapy is just as effective as in-person treatment for improving 

physical function and relieving pain (GBD 2016 Disease and Injury Incidence and 

Prevalence Collaborators, 2017). Because patients do not have to travel to an 

appointment, their physical therapist and other care providers can be located anywhere. 

If patients use wearable sensors that monitor how they perform their exercises, they can 

get instant feedback as to whether they are doing them correctly. Smartphone apps can 

also track patients’ progress.  

There is a high level of agreement between telehealth and in-person 

assessments with respect to clinical management decisions and diagnosis of patients 

with chronic musculoskeletal conditions managed in an advanced-practice 

physiotherapy screening clinic. Telehealth can be considered as a viable and effective 

medium to assess those patients who are unable to attend these services in person 

(Cottrell et al., 2017). As research over the past decade has primarily validated 
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measurements that the systems produce classifying users’ exercise quality, there are 

few users’ evaluation studies and clinical trials in this field (Cottrell et al., 2018).  

LAAF smart insoles and mobile app technology analyzes gait metrics with 

pressure heat maps, supports virtual visits with providers, helps patients complete their 

exercises at home, and tracks treatment progress. LAAF digital solutions can guide 

physical therapy and coaching to help patients make long-lasting alignment and 

behavioral changes that are accessible to more people, at a lower cost with better 

outcomes than current care options. As LAAF proceeds with experimental validation, 

the engineering research team continues to iterate new cost-effective circuitry for 

LAAF smart insoles. 

Gait analysis is the detailed study of human walking performed by collecting 

kinematic and kinetic data to assess movement quality (O’Reilly et al., 2018). Normal 

gait pattern is the key component in the investigation of pathological gait patterns 

(Winiarski et al., 2019). By evaluating dexterity, balance, ambulation, joint range of 

motion, strength and power, endurance and motor planning, gait analysis is applied in 

different clinical fields for varying levels of chronic pain, the assessment of gait 

pathologies, the prevention of pressure ulcers in diabetes, tracking the course of 

orthopaedic disease or for sport purposes helping athletes to gain a high level of 

performance while minimizing the risk of painful injuries (Crea et al., 2014). 

 

MATERIALS AND METHODOLOGY 

We performed an extensive literature review as well as a detailed analysis of existing 

products. We designed the new LAAF insole system using multiple softwares. Printed 

Circuit Boards (PCBs) are designed using the Altium design suite while processor 

coding is completed on the Arduino SDK environment. LAAF validated the 

adjustments with leading embedded and biomechanical engineers, product developers, 

and industrial designers. We evaluated sensors for accuracy and compared data 

collection findings to the 1000 Norms Project, which defined ‘normal’ ambulatory and 

musculoskeletal health (McKay et al., 2016). The LAAF insole uses a set of seven Force 

Sensitive Resistors (FSRs) and a 6-axis IMU. The updated version includes a barometer 

as well in order to calculate an additional gait cycle parameter. 

 

System Development Multi Row Flex Printed Circuit Board (PCB) 

Design 

One of the most challenging aspects of the LAAF insole was placing the pressure 

sensors in their exact locations within the insole. The pressure distribution in different 

sections of the foot is important in identifying the root causes of unhealthy gait. 

Previously, LAAF and other manufacturers designed Flex PCBs that covered the 

important sections of the foot using an exact number of sensor connection points. 

However, this was not a cost-effective solution. The limitation of the previous design 

is that for every insole size, the manufacturer needed a new design of Flex PCBs with 

a new position of pressure sensors based on the adjusted sensor connection points. Due 

to the flex PCB production cost, especially in smaller quantities, LAAF created a 
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generic design of Flex PCBs that can be used for insoles based on multiple foot sizes 

during assembly. 

By doing research on multiple foot size layouts and anatomy, the team 

concluded that the distance between the heel and arch sensors remains the same 

between US male foot size 7 to 11, and the only difference is the distance between the 

arch and midfoot sensors. Altering the distance between the arch and midfoot sensors 

allows LAAF to build varying sized insoles with one Flex PCB. In this paper, LAAF 

proposes and designs a new generic multi-row design of Flex PCB that can cover five 

different foot sizes ranging from US 7 to 11 in men (US 8.5 to 12.5 in women). 

The multi-row design shown in Figure 1 consists of three rows of solder pads 

in the mid-foot section where pressure sensors can be soldered in any location and 

orientation. It will be easier to alter the insole size with one design. Using rows 1 

through 3 with an unflipped orientation (0° rotation) allows US Men’s size 9, 10, and 

11 to be achieved. US Men’s size 7, 8, and 9 can be obtained with a flipped orientation 

(180° rotation) of sensors, as shown in Table 1. 

 

 
Figure. 1. Multi Row Design of Flexible PCB 
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Table 1. Row and orientation of Sensors according to foot size 
US Men US Women Row Used Orientation Of Sensor 

7 8.5 1 180 ̊ (Flipped) 

8 9.5 2 180 ̊ (Flipped) 

9 10.5 3 

1 

180 ̊ (Flipped) 

0  ̊

10 11.5 2 0  ̊

11 12.5 3 0  ̊

 

Circuit Updates 
The first and foremost aim of an assistive device keeping track of gait pattern 

anomalies, is for timely diagnosis to mitigate fall risk. In order to adequately keep track 

of the biomechanics of the gait cycle, a few circuit updates were required. Our previous 

system captured the raw data required for calculating various parameters using a set of 

seven Force Sensitive Resistors (FSRs) and a 6-axis IMU. In the new LAAF insole, a 

barometer has been added on the rigid board for calculating a new parameter: step 

clearance. The module added on board is the BMP280. 

 

Application Updates 
The LAAF App is the face of the insole which brings all the calculated parameters to 

life. These parameters give an insight into the gait pattern and help in diagnosis and 

analysis of the root causes of pain. In the initial version of the App, fourteen different 

parameters were being displayed through the Application to shed light on the gait 

pattern.  

In the new LAAF App, seven more parameters have been added. Each new parameter 

helps to delve in deeper into the gait pattern analysis and results in a targeted diagnosis 

of an issue. With a more refined data set for diagnosis, a caregiver is better equipped 

for providing a customized corrective solution. The new parameters added in this 

version of the App are as follows:  

 

Step Clearance.  
Step clearance is the height of foot above ground during the swing phase. Insufficient 

foot clearance during walking can result in a fall and cause long term damage. 

Moreover, this specific parameter also helps in diagnosis of knee and ankle joint pains 

or deformities. Thus, monitoring and correction of this parameter is of prime 

importance in maintaining a healthy lower body routine. Raw data from the barometer 

is processed into two types of output parameters, “instantaneous Foot Height above 

ground in Swing Phase” and “Average Foot Height above ground in Swing Phase”. 

These parameters are displayed on the application end by calling their respective, 

predefined function calls. 

 

Single Leg Support and Double Leg Support.  
During the phases of the gait cycle, there are times when one foot is in contact with the 

ground and other times when both feet are in contact with the ground. It is common for 
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the gait cycle to exhibit 60% contact time, where the first 10% and the last 10% of this 

contact time involves double leg support (Perry et al., 2010; Silva & Stergiou, 2020). 

Variations of single and double support time may indicate issues with balance. Existing 

raw data is utilized to calculate the instantaneous and average values of both single and 

double leg support durations in percentage. These parameters are calculated at the 

hardware end and displayed on the application end by calling their respective, 

predefined function calls. 

 

Symmetry. 
Symmetry or gait symmetry is the identical gait cycle pattern for both bilateral limbs. 

It is one of the simplest analyses of gait pattern where asymmetry in each undistributed 

gait is the indicator of the presence of some pain or an underlying deformity. Symmetry 

is calculated at the application end since it requires the comparison of available data 

from both the right and left feet. Since the insoles do not communicate with each other, 

calculating symmetry at the hardware end is not possible. There is no need to call any 

function from the hardware side. 

 

Weight Distribution.  
This parameter is a measure of whether the weight distribution on each foot is equal or 

not. Weight exerted by each foot is calculated in a percentage and then compared to 

keep a check on their uniform distribution. An imbalanced weight distribution serves 

as a key marker of pain, injury, or postural imbalance. This parameter is calculated at 

the application end since it requires comparison of left and right insole data. 

 

Calories Burnt.  
This parameter simply tells the number of calories burnt while the user is walking. The 

calculations are done at the hardware end and are displayed on the application in 

Kilocalories (Kcal) by accessing the respective function. 

DISCUSSION 

Gait metrics are useful for better understanding human biomechanics. However, 

existing products are cost prohibitive as manufacturers need to modify the length of 

flex PCBs based on FSR positions for different shoe sizes. We identified a novel design 

for Flex PCBs to provide better cost-efficiency. 

Corporate wellness programs have become the norm for many US-based 

companies. A report sponsored by the U.S. Department of Labor and the U.S. 

Department of Health and Human Services and produced by The RAND Corporation 

found that over 80% of companies in the US with over fifty employees offered some 

sort of corporate wellness benefit. A report from Harvard Business School found that, 

for American-based companies, medical expenses fell by $3.27 for every dollar spent 

on wellness programs, and that employee absenteeism expenses fell by $2.73 (Rajiv 

Kumar, 2014). 

With the new updates to the LAAF insole and mobile app, we are better able 

to understand the gait cycle in order to assist in diagnosis of the root causes of pain. 
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Analyzing the root causes of pain and the gait patterns of different users, we can enable 

a connected healthcare strategy between caregivers and users. By incorporating digital 

care and providing instant feedback, we hope to modernize the healthcare approach in 

the United States. Through partnerships with corporations and small businesses, we can 

reduce healthcare costs and improve worker engagement and productivity by 

addressing employee pain management needs. 

 

LIMITATION AND FUTURE STUDIES 

One of the limitations of our study is the high cost of skill and expertise needed to assess 

the accurate performance of the sensors and validate the data. Other studies, including 

our own, face a price limitation as the prices of smart insoles are several times higher 

than regular insoles. Furthermore, with the current chip shortage around the world 

making multiple iterations more costly, we were unable to make several iterations. 

CONCLUSION 

In this updated proof-of-concept study, we used seven force sensitive resistors, 6-axis 

IMU, and a barometer to better calculate gait cycle parameters. In addition, we 

identified a novel design for Flex PCBs to provide better cost-efficiency. Our improved 

LAAF insole device, paired with our LAAF mobile app, empowers comprehensive pain 

management and injury prevention. Internal assessments of this updated device show 

accurate data collection with real-time transmission to the mobile app. The goal of this 

study, and of this new Flex PCB design, is to validate a cost-effective approach to 

manufacturing the LAAF smart insole. 

We emphasized user-experience in our testing of our updated insoles. With a proven 

concept, we now need to ensure a product-market fit for the LAAF insoles and mobile 

app. Studying and improving the user-experience is key to addressing the root causes 

of pain and encouraging a healthy and active lifestyle in communities across the world. 

This study was based off of the first proof-of-concept study conducted by LAAF, Inc., 

as published in 2021 (Khan et al., 2021). 
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