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Abstract. Gait analysis has evolved significantly during last years due to the great
development of the Medical Internet of Things (MIoT) platforms that allow an easy
integration of sensors (inertial, magnetic and pressure in our case) to the complex
analytics required to compute, not only relevant parameters, but also meaningful
indexes. In this paper, we extend a previous development based on a fully wireless
pair of insoles by implementing an updated version with more reliable and user-
friendly devices, smartphone app and web front-end and back-end. We also extend
previous work focused on fall analysis (with the corresponding fall risk index or
FRI) with the proposal of a new surgery recovery index (SRI) to account for the
individual speed recovery speed that can be measured either at clinical facilities or
at home in a telemedicine environment or while doing daily life activities. This new
index can be personalized for different types of surgeries that affect gait such as hip,
knee, etc. This paper presents the case of hip recovery and is built on top of the
clinical standard SPPB test and allows obtaining quantitative parameters directly
from the sensors.

Keywords. Gait Analysis, Insoles, Hip surgery recovery, Recovery Index, Medical
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1. Introduction

Wearables have been significantly relevant in increasing the motivation for wellbeing all
around the world. It should be agreed that this should improve the general health care
situation for all age ranges and profiles. Wearable recordings started with counting steps
and progressively added new measures (oxygen saturation, pulse, etc.) to even more
complex functionalities (electrocardiographic analysis, fall detection, gait analysis (e. g.
for runners). Wearables have the advantage that can take and store continuous
measurements on health parameters. These parameters are not yet being intensively used
and/or integrated in the health records of the users or patients nor in the health platforms
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from public and private health providers what can be considered as a loss of useful
information. It is commonly agreed that some of the reasons are the different precision
of the different sensors used or the complexity of the integration of patients’ data into
the health records. Nonetheless, the evolution of the sensor technology and related
calibration procedure plus the increasing access to platform providers through APIs
easier those walls. Still, it remains one relevant issue: how to move or transform existing
criteria and protocols based on measurements done in clinical installations to integrate
this existing data in the health records of the patients. This platform will be used for
validating relevant data (raw or derived) according to the golden standards. In this paper,
we present a proposal for such framework devoted to measure the degree of recovery
after a surgery that affects gait.

Gait analysis has become a widely used clinical tool, enabling clinicians to provide
better patient care. The analysis of the gait of patients offers new opportunities for
diagnosis and treatment of walking problems and to find patterns in gait (1,2).

Our hypothesis if that with semi-automated gait analysis it is possible to evaluate
the recovery status of a patient from surgery and provide a new Surgery Recovery Index
(SRI) to quantify the individual rate of recovery. This analysis can be carried out in both
ways, in the clinical facility or at home while performing activities of daily life. In the
former WIISEL project, we worked on the analysis of falls and the elaboration of a Fall
Risk Index (FRI), since falls are a major cause of injuries for the elderly people (3). This
project was also validated by several clinical studies (4). Nonetheless, the insole
prototype was far from a final product concerning reliability of its components and
integration.

In the scope of the SERENE project (5), we present an updated MIoT platform to
collect real-time gait data from users wearing a custom pair of wireless insoles, oriented
to the analysis of the recovery process for patients after a surgery that affects their gait
that is currently measured by the score of a given test and we propose to measure by
defining a numerical surgical recovery index.

2. The SERENE Platform

The SERENE project is a collaborative project with a consortium of 20 partners from
France, Germany and Spain with the goal of providing better remote care and diagnostic
tools using Medical IoT technologies. Our contribution is centered on providing a
platform for gait analysis composed of a pair of smart-insoles and a smartphone per
patient, a cloud data-base, a software platform for the analytics and a web access for 3
types of users (patients, caregivers / relatives and clinicians).
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Figure 1. Platform components: Insoles, Android APP and Web interface

The wearable insoles were designed to look and feel like regular insoles in terms of
comfort with the support of a commercial insole maker: Flexor. The internal electronics
were separated into two flexible parts for power and computation/communication plus
two antennas, allowing them to be adjusted to the desired shape or to flex during use.
The communication with the mobile phone is via Bluetooth Low Energy (BLE). The
insoles have no charging connectors, as they are equipped with Qi wireless charging. An
Inertial Measurement Unit (IMU) plus a pressure sensor layer are used as the source of
data. The IMU outputs acceleration and gyroscope data, each 3-axis, together with self-
calibrated orientation in real time. The pressure sensor layer includes 6 force-sensitive
resistors (FSRs) positioned under the heel and the metatarsal. Sensor data acquisition
system is 33 samples per second for all sensors while the IMU has 14 bits to16 bits
resolution while pressure sensors have 10 bits. The IMU includes a Cortex-M0 processor
able to compute quaternions that will also be used for gait analysis. Captured data is
formatted in 20 bytes packets and sent to the smartphone through Bluetooth Low Energy
(BT5.1)

An application in the smartphone is used to monitor and display the data acquired
from the pressure sensors and the information generated by the IMU. The bidirectional
communication between the smartphone and the smart insoles is based on Bluetooth Low
Energy using a custom GATT profile. The data collected from both smart insoles is
processed and appended into a data file that is stored for later analysis.

In addition, the mobile phone acts as a bridge between the insoles connected via
Bluetooth and the cloud server which we access via LTE/5G or Wi-Fi. This
communication with the server allows access to the patient's personal profile, to retrieve
statistical data of the user as well as to send the files with the sensor data captured from
the insoles.

The data analysis platform consists of a back-end in which a service responds to
requests from the mobile application once the clinical trial recording session is finished.
It stores collected data in a database from which 49 parameters related to the gait analysis
are computed.

The front-end allows the access of the different users to the processed data through
a dashboard designed according to specific profiles: clinician, patient and relative. The
user interface graphically displays the gait analysis data and allows the selection of
relevant parameters by the clinician what allows personalizing the medical treatment
according to the status of the patient.
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Figure 2. Diagram of the SERENE platform

3. Gait analysis.

Using the new sensors implemented in this revision of the technological part, the number
of gait features extracted after processing the sensor data have been extended from 26 to
49. The gait analysis framework has been designed and organized into layers, each one
having a specific functionality. The framework consists of five main layers: Raw data
processing; Gait parameter definition; Pattern recognition and feature extraction; Gait
parameter processing and Surgery Recovery Index (SRI) and exploitation of gait analysis
results.

From IMU sensors data, we estimate the position and orientation of the foot with
respect to the world. Madgwick’s gait tracking algorithms were implemented to
determine the position of the patient as they move either through a controlled
environment as a clinical facility (6) or at home. Among the parameters that are extracted
with the data obtained from the IMU (3D accelerometer, 3D gyroscope and 3D
magnetometer) and pressure sensors, we can find the following ones: Cadence, Double
Support, Single Support, Swing Phase, Stance Phase, Gait Symmetry, Heel Strike Force
Slope, Average Acceleration Amplitude Mediolateral. Some similar approaches can be
found in the literature (7).

4. Surgery Recovery

Both surgery recovery and fall risk assessment are based on the analysis of gait
parameters. The main differences among them are: the temporal scale of the patients’
evolution (usually faster and more deterministic in recovery processes and slower and
unpredictable in the evolution of the elderly) and also the relevant gait parameters and
their combination to obtain the index that is much more related to the specific surgery
rather than to the individual health state as in the case of the elderly).

We focused this new version of the platform in hip surgery recovery. According to
the literature, several aspects related to gait can be used to evaluate recovery
improvement (8): walking velocity, stride length, range of hip motion and hip abduction
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moments. Other authors consider further measurements that can be considered such as:
Muscle strength (voluntary isometric force of the hip and knee muscles related to walking
ability) (9—11) or balance (postural stability) (12). Some of these parameters must be
directly obtained or estimated by the observation of the clinician while others can be
provided by our gait analysis platform. Our idea of SRI is to indicate whether the patient
is progressing faster, equal or slower than the average for a given recovery time after
surgery.

After evaluating the different tests proposed in the literature (13-15), we decided to
use SPPB (16) as the basis for our tests. This test evaluates balance, gait speed and the
ability to get up and down a chair (as indicator of strength) by measuring the time of each
activity. It currently provides a combination of scores, giving more precision in the
differences in stride and balance (17). The values obtained from IMU and pressure
sensors for each one of the three stages of the SPPB test will be captured with higher
confidence. In the case of balance, we use a posturometer as a gold standard to fine tune
our algorithms.

We consider two different scenarios. The first one is related to rehabilitation tracking
in clinical facilities, where multiple patients will be able to use the insoles (according to
their feet size) in their rehabilitation routines and clinicians can analyze the data obtained
through our platform. This leads to a sporadic use of the system. The second model
focuses on domestic use, where the patient wears a pair of insoles on their daily life
activities. Then, clinicians track that patient at any time on their dashboards. When any
anomaly is detected, the clinician will contact the patient for a more detailed follow-up.
This model can also be used for remote monitoring of specific exercises in telemedicine
scenarios that are becoming popular during the COVID-19 pandemic.

The hip SRI complements the existing SPPB test with the parameters obtained by
the insoles (pressure and motion) for each stage of the test. Studies about the weight of
the parameters in the index and the way to personalize them according to the patient will
be carried out at later research.

5. Conclusion

This paper presents a solution of a platform for surgical recovery analysis composed of
a pair of fully wireless insoles, a smartphone app and a cloud solution that includes both
database and web personalized dashboards. We proposed a new Surgical Recovery Index
(SRI) to account for the evolution of the patient after a surgery that affects its gait.

We apply this procedure to hip surgery recovery upon the existing SPPB test, whose
score will be complemented by the data obtained and computed from sensor parameters,
thus becoming easy to interpret in terms of recovery rate, that depends on the health state
and specific surgery done to every person.

This SRI model can be extended to other surgeries that affect gait such as hip, knee,
achilles, etc. (8,18,19). In some cases, when data is available, that index will consider
the status before the surgery or even before the lesion (e.g. in sports).

This platform can be deployed for remote surgery recovery in several scenarios, all
of them under the premise that secure servers must hold medical records. We initially
plan to use the devices in both clinical facilities and at patients’ home. In this second
case, two models are available: a telemedicine scenario to proceed with tests supervised
remotely by clinicians and an unsupervised scenario based on daily living activities with
the automatic identification of relevant situations to compute SRI. It is planned to start



204

M. Codina et al. / Gait Analysis Platform for Measuring Surgery Recovery

soon the clinical trials to analyze the recovery status of several patients at Grenoble
hospital.
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