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Design and construction of a portable kit for the assessment of gait parameters in daily-rehabilitation.

Daniele Giansanti, Sandra Morelli, Giovanni Maccioni, Andrea Giordano, Federica Tamburella, Marco Molinari,
Salvatore Silvestri, Sergio Calabrese, Velio Macellari, Mauro Grigioni
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To daily monitor the gait improvement of a subject, during a motion exercise and in rehabilitation care, it is
necessary the assessment at least of the path length, velocity, time duration, number of steps. The report presents a
novel approach for gait monitoring based on: one step counter; two couples of photo-emitter-detectors (at the initial
and final path position, to detect the start and the end of the gait exercise); one central unit for collecting and
processing the telemetrically transmitted data; a software interface. A case study for one subject at the 1% level of the
Tinetti test, showed the clinical feasibility. The kit can be used with different rehabilitation tools and ground rugosity.
The kit shows the following advantages: a) very low costs, when compared to optoelectronic solutions or other
portable solutions (such as LifeGait or GAITRite); b) very high accuracy, also for subjects with unbalance problems,
when compared to other commercial solutions.
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Istituto Superiore di Sanita

Progetto di un kit portatile per la misura di parametri del cammino nella riabilitazione giornaliera.

Daniele Giansanti, Sandra Morelli, Giovanni Maccioni, Andrea Giordano, Federica Tamburella, Marco Molinari,
Salvatore Silvestri, Sergio Calabrese, Velio Macellari, Mauro Grigioni

2010, 34 p. Rapporti ISTISAN 10/16 (in inglese)

Per il monitoraggio quotidiano del miglioramento dell’andatura di un soggetto durante 1’esecuzione di un compito
motorio in fase riabilitativa ¢ generalmente usata la valutazione quotidiana della distanza percorsa, della velocita, del
tempo impiegato e del numero dei passi. E stato proposto un nuovo sistema, basato su: un contatore di passi; due
coppie fotoemettitore/rivelatore (poste nella posizione iniziale e finale del percorso, per rilevare 1’inizio e la
conclusione dell’esercizio di riabilitazione); un’unita centrale per la memorizzazione e 1’elaborazione dei dati
trasmessi via telemetria; un’interfaccia software. Uno studio di un caso clinico su un soggetto al primo livello del
Test di Tinetti ha mostrato le potenzialita cliniche del sistema proposto. Il sistema realizzato pud essere usato con
differenti strumenti di riabilitazione e diversa rugosita del suolo. Il sistema mostra i seguenti vantaggi: a) costi molto
bassi, sia quando confrontato con soluzioni optoelettroniche che con altre soluzioni portatili (quali LifeGait e
GAITRite); b) accuratezza molto elevata, anche per soggetti con problemi di disabilita, quando comparato a soluzioni
commerciali.
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INTRODUCTION

The present study is focused on the daily-rehabilitation for gait in and outside the hospital; it
is proposed in the form of a technical report provided within the mainframe of the Project
“Messa a punto di nuove metodologie per la teleriabilitazione neuromotoria: linea di ricerca
Sistema di rieducazione neuromotoria al cammino basato sull’uso di percorsi tra parallele o su
scale” (31-1-2010) (Set-up of new methodologies for the neuromotory telerehabilitation:
research neuromotory rehabilitation system based on the use of walkways on stairs or hand-
rails) funded by the MURST (Italian Ministry of University and Scientific and Technological
Research), today MIUR (Italian Ministry of Education, Universities and Research), and faces
the sensorization aspects of mechanical tools used in rehabilitation. The global aim of this study
is to allow to perform the rehabilitation exercise by using measurements obtained thanks to the
sensorization of both the patient and the rehabilitation tools currently available. The paradigm of
this project has arisen from the consideration that a patient, a physician, a therapist could
beneficiate from a sensorization of the used rehabilitation tools for furnishing easy-to-process
performance parameters in order to carry out quantitative information useful for gait assessment
and to be added to a qualitative interpretation of clinical exercise. The solution must be simple
and useful to qualify the daily assessment of the physical and physiological conditions of a
patient during a care therapy, whenever he performs its own trial (hospital, gym or
physiotherapy rooms, home). The general idea is thus (as the focus is the gait) to design a
simple kit alternative to the complex and expensive instruments already used, with an easy way
to be interfaced or integrated within the clinical framework both for patient monitoring with
their own aids and clinical reporting needs. The kit herein presented should be implemented on
a variety of settings and particularly for extensive use.

The requirements for the proposed kit should be:

- semplicity (both to use and to set-up);

- low-cost (both in terms of prototype design and construction and maintenance);

- adaptability to different environmental characteristics (hospital, home, outside, etc.);

- integrability of different rehabilitation and measurement tools, from the hospital LAN to

the WAN;

- portability.

The complete system presents itself as a portable set up, able to furnish useful parameters
with a feedback for the patient, aimed at quantitatively assessing and constantly monitoring the
progress in the rehabilitation care; the implementation must be simple to be integrated within
the standard set of exercise provided by a clinical settings, generally a patient with wearable
devices, using aids and supports, in a prescribed pathway. In this case the system can be used
also in external areas, with specific path (curved, roughed, shaped surface, multipath) or internal
areas (home room with or without obstacles) to allow monitoring of daily motion exercise.

Since the today most used parameters for motion rehabilitation and health promotion in the
field of cardiology, obesity, diabetes care are the ones focused on the step counting and derived
parameters such as distance, velocity, step length, we have proposed the methodology capable
to reach the above mentioned objective based on a kit comprehending at least a step counter and
a couple of photocells.

The system, as it is, can be also integrated into specialized contexts, in clinical or daily life
environments, through wearable devices (e.g. activity monitor) or fixed instrumented appliances
(devices for domotics).
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Figure 1 elucidates the final scenario as it has been planned in the project: a Tele-
Rehabilitation Government (TR-GOV) monitors the walkways sensorized with the portable kit.

Telemetry Step-counter

TR-GOV @ 4 = = :
CZI i m . Walkwa.ly
! 3 WALKWAY ﬂ[l:> s sensorized by
&‘ ! z o a portable kit
HIS o 5 !
B 59— |

Photocells
Number of steps Time Velocity

Figure 1. General block scheme of the rehabilitation and assessment system

The system allows the accessing to the virtual-directory of the patients available in the
Hospital Information Server (HIS) for the clinical use.

Chapter 1 reviews technological solutions starting from the optoelectronic solutions up to
emerging wearable and portable solutions.

Chapter 2 highlights mechanical tools used in rehabilitation potentially available for
sensorization purposes

— assistive devices (canes, crutches, walkers);

— walkways (handrail systems, staircases, equipped walkways);

— ankle foot orthosis devices.

— Reciprocating-Gait-Orthosis (RGO) and Advanced Reciprocating-Gait-Orthosis (ARGO)
(initially accompanied by a generalized clinical enthusiasm these tools are not widely
used today; however they have been inserted in the review because their sensorization
could lead to a renewed interest in these tools).

The chapter also shows a cane sensorization as an example that fulfils with the previously

stated keywords of the project.

Chapter 3 faced thus in details the design of the portable kit in terms of the hardware and
software components and the model used for the analysis.

The main specification is the environmental integration of the proposed portable kit with:

— every mechanical equipment used in rehabilitation (as those listed above);

— different grounds (ground rugosity, walled shaped, etc.).

This specification must allow the monitoring of the step counting and other relevant derived
parameters such as distance, velocity, step length performed during a rehabilitation task on the
basis of a predefined protocol and an assigned walkway of a defined length.

Chapter 4 described the validation of the portable kit and faced the future developments of
the technologies. It also faces the integration in cascade of different rehabilitation walkways to
constitute a complex and heterogeneous pathways. In the following we will thus use the term
walkway in the case of a single rehabilitation path (eventually assisted or equipped); we will use
the term pathway in the case of a multiple rehabilitation paths (eventually assisted or equipped)
in cascade connection.
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1. TECHNIQUES USED FOR FURNISHING
GAIT PARAMETERS

This chapter reviews the most used techniques furnishing gait parameters. In particular the
optoelectronic and wearable solutions based both on accelerometers and rate-gyroscopes have
been analyzed with consideration to the gait parameters. Also other wearable methodologies
have been considered such as the so called activity monitors and other easy portable solutions.
Particular care has been devoted to the step counter devices in terms of evolution, medical
perspectives and applications on subjects with motion disability. The chapter ends facing the
limits of the solutions reviewed.

1.1. Optoelectronic and wearable sensor solutions
based on both accelerometers and rate-gyroscopes

The traditional approach used in movement analysis is based on the measurement of the
position of markers affixed on body segments by means of optoelectronic technology. The same
result can be achieved by means of ultrasound technology based on ultrasound emitting point-
markers and microphonic sensors. This approach is currently taken in literature as golden
standard (1). The main limitation of this approach is the encumbrance and costs of the
equipments. As an alternative to the optoelectronic/ultrasound approach in the seventies both
Morris (2) and Padgaonkar (3) showed the potentiality of the accelerometric techniques.
Padgaonkar used an analytical model aimed at reconstructing the 3-D Position and Orientation
(P&O) of a body segment using the signal provided by nine accelerometers for the angle
measurement of the rigid body (2), Morris used a model based on the signals from six
accelerometers (3). A systematic analysis on the propagation of the measurement errors that
may affect Accelerometer (ACC) sensors when estimating the 3-D P&O of a rigid body
segment for the 6-ACC and the 9-ACC assembly has been reported in (4). In this paper the
authors found no substantial advantages in using a 9-ACC system rather than a 6-ACC system
and concluded that none of the two systems were suitable to reconstruct the P&O showing that
the predominant cause of error was due to the accelerometers sensitivity to gravity. Other types
of kinetic sensors, such as gyroscopes, rate-gyroscopes are reported in the literature. The
gyroscopes and rate gyroscopes have the advantage of being insensitive to gravity, the last one
seem to be suitable for the timely dependent applications but have the disadvantage of the
thermal drift (5).

Miyazaky (6) used gyroscopes for monitoring joint angle rotations. Kataria and Abbas (7)
used rate-gyroscopes for the estimation of body segment orientation. Williamson and Andrews
(8) proposed a device for the measurement of the knee angle, composed of two clusters, each
one arranged with one rate-gyroscope and a 2D accelerometer. Wu and Ladin (9) introduced a
single sensor assembly consisting of one triaxial rate gyroscope, one triaxial accelerometer and
multiple optoelectronic markers, and conducted an error analysis to determine the relative
contribution of the accelerometer and of the rate gyroscope to the determination of the centre of
mass acceleration in clinical applications. They found that in practical kinesiological
applications, the addition of accelerometers or rate-gyroscopes can remarkably increase the
accuracy in the determination of the segmental centre of mass acceleration. The brief literature
analysis showed that while accelerometers and rate-gyroscopes alone or combined in a single
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assembly were amply used the problem of the feasibility of the P&O trajectory reconstruction
was not completely faced.

This is a basic problem, especially to date, thanks to the decreasing of production costs and
to the increasing of the performance of the developing technologies we are assisting to a
renovated interest to these systems.

This was demonstrated by the interest of the industry in manufacturing motion sensors based
on inertial sensors, such as for example the MT9-A sensor (Xsens Motion Technologies, USA),
which by means of three rate-gyroscopes, accelerometers and magnetic sensors reconstructs the
orientation of the point in which it is affixed by means of a dedicated algorithm. In previous
papers we have designed, constructed and validated a wearable sensor based on three
accelerometer and three rate-gyroscopes (Figure 2) in motion analysis and demonstrated that
they were principally suitable for the assessment of transitory tasks and not for example for the
monitoring of gait properties (1, 10).

3 rate-gyroscopes 3 accelerometers

Figure 2. Example of wearable device with 3 accelerometers and 3 rate-gyroscopes:
(a) the part A is the case containing all sensors and the part B is the control unit;
(b) details of the assembly of the sensors’ case
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1.2. Solutions based on step counters

1.2.1. Step counters

The number of steps performed during a day changes with age. Figure 3 shows the mean
value performed in a mean life in USA (11).
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Children Adolescents Healthy Healthy Individuals
(8-10 yrs) (14-16 yrs) younger adults  older adults with disabilities,
(= 20-25 yrs) (> 50 yrs) chronic illnesses

Population groups

Figure 3. Expected values of steps/day for different populations

The number of steps is strictly correlated (at every age) to wellness and to the concept of
promotion of health; this is the reason that deployed the widely spreading of interest of
governmental institutions in the world (11) in the diffusion of the culture of step counters.

Although the invention of the step counters or pedometer is commonly attributed to U.S.
President Thomas Jefferson, drawings from the 15" century indicate that Leonardo da Vinci was
the conceptual originator (12). His early design appeared to be a gear-driven device with a
pendulum arm to move back and forth with the swinging of the legs during walking. Thomas
Jefferson did enjoy the use of a pedometer he purchased in France, and enthusiastically
introduced it in America (13).

The step counter or pedometer is conceptually very simple in design and requires no
additional software or expertise to access or interpret data. The internal mechanism of a
pedometer typically includes a horizontal, spring suspended lever arm that moves up and down
with normal ambulation (e.g., walking, running). An electrical circuit closes with each
movement detected and an accumulated step count is displayed digitally on a feedback screen.
Pedometers do not, however, record velocity of movement, restricting their use to measures of
total accumulated steps/day, or accumulated steps taken over a specific time frame (e.g., during
physical education class). Some of the newest pedometers count “time in activity”. Pedometers
with a time feature have a clock that starts with the initiation of stepping and stops with
inactivity. We must await research findings to determine the value of this feature.
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Pedometers display good agreement with accelerometers (r=0.80-0.90) (14-16), indicating
that the two types of motion sensors measure approximately the same total accumulated daily
activity. Accelerometers can be also used; the cost of accelerometers ($ 50-400 per unit), costs
for additional software and calibration hardware, and the associated demands of personnel
expertise and time, make widespread use of accelerometers prohibitive outside the realm of
research (17).

More and more, researchers are beginning to acknowledge that, in terms of practicality,
pedometers offer the better solution for a low cost ($ 10-30 per unit), objective monitoring tool
that is accessible to both researchers and practitioners (14, 18-20). A common measurement tool
and collection protocols would help bridge the gap between research and practice.

Most pedometers record and display movement as steps taken (a simple, raw or pure
measure of ambulatory activity). Some have also features to estimate expended energy (kcals),
user must manually enter a number of variables (including any manufacturer-defined
combination of gender, stride length, weight and/or age) into the pedometer’s program in order
to obtain a running estimate of caloric expenditure or distance travelled. The manufacturer’s
actual mathematical formula used is usually proprietary, thus it is not readily available for
public or scientific scrutiny. Further, this process of manipulating the raw step data could
introduce possible error.

1.2.2. Step counters on subjects with motion unbalance problems

The step counting is an important index of motion activity and it is currently used in the
prevention of the obesity, in applications for the prevention of cardiovascular problems, in
diabetes care and more in general in motion rehabilitation (21-26); however, there are still
opened problems about their accuracy.

Schneider et al. (24) tested 13 models of pedometers on healthy subjects, performing a high
number of steps, and had shown that many of them underestimated (of about 25%) or
overestimated (of about 45%) the number of steps. Keenan and Wilhelm (25) enlightened that
pedometers could be confounded by movement style, as in the case of the Parkinson’s disease
and found that for this specific pathology accelerometers performed better. We have also
investigated the feasibility of the integration with elaborators of the same commercial solutions
analysed by Schneider et al. (24) and found that many of them (especially the cheapest ones)
were closed systems, not permitting the integration with elaborators for the data-
uploading/downloading, basic aspect for telemonitoring applications in telemedicine.

There is a great interest to investigate the performance of pedometers on subjects with a high
degree of unbalance caused by different diseases. In particular there are mainly two reasons to
study subjects with unbalance disease. The first reason is that, for these subjects, commercial
devices do not show suitable performances because are confounded by the motion style (25).
The second reason is correlated to the aspect that for these subjects with a high degree of
unbalance it is not possible to test pedometers for an adequate (of about 10000) number of steps
as in the case of healthy subjects (27). Subjects with the Parkinson’s disease, for example, could
usually perform only some hundreds of steps a day. This second reason means thus the need of
a highly specific design to investigate the performances of step counters system on these
subjects. For these subjects, for example, it is important to appreciate also very little
improvements. In previous papers we have investigated novels solutions in step counters design
and constructions.
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1.2.3. Two examples of novel step counters for subjects
with unbalance problems

In previous papers we have investigated novels solutions in step counters design and
constructions that we report here by means of two examples. The first solution is based on the
sensorization of commercial and/or made in orthopaedic laboratory Codivilla springs (28).

A Codivilla spring with sensors has been proposed to obtain a SEnsorized COdivilla SPring
(SECOSP) for tele-monitoring/daily-rehabilitation in order to track step count. The system is
based on two Force Sensing Resistors (FSRs) (CP0152 by Interlink, USA) affixed in the plantar
area of the Codivilla spring (foot-tip and heel), and a wearable unit with the conditioning
electronics and a uP PIC 16F877 microprocessor (Microchip, USA). While ambulating, the two
FSRs detect the pressure of the foot-tip and the heel. This information is used by the PIC to
increment the step count based on an algorithm. The system is calibrated before being used. The
calibration is obtained by three consecutive trials of loading of the heel and the foot-tip of the
foot with the body weight. The algorithm calculates the step count by recognizing the sequence
foot-heel to foot-tip, which is used to increment the step count. When the subject is still and
standing, both FSRs are active, and this information is not used by the algorithm to increment
the step count. Small oscillations are eliminated using thresholds obtained during calibration.
When the subject is sitting, the pressure is not sufficient to activate the calibrated FSRs which
run as foot-switches. The power-supply is assured by 4 NI-MH rechargeable batteries with 3.6
V and capacity I = 160 mA x h (Extracell, USA). Figure 4 shows the electronic components of
the SECOSP.

FSR IN1

A/D

FSR > Serial connection
IN'2 : for hand shaking

uP PIC16F877

t

Power supply
4 NI-MH rechargeable batteries
3,6 Ve | =160 mA/h

Figure 4. SECOSP electronic components

Figures 5 and 6 show respectively FSRs affixation in the SECOSP and the final assembly.

The second example is appropriated for subjects with complex models of walking (not fluid)
caused by a high degree unbalance. The component of the system used to monitor the step count
at this stage is a Gastrocnemius Expansion Measurement Unit (GEMU) (29). Commercial
pedometers fail to furnish suitable performances in subjects with a high motion disability
(caused by their more complex model of gait).
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s

FSR affixed in the plantar area _ ! ./
of the SECOSP to monitor
the pressure at the foot-heel level f ]

FSR affixed in the plantar area
of the SECOSP to monitor
the pressure at the foot-tip level

Sole before fixing
the SECOSP in place

Sole after affixing
the SECOSP

Figure 5. Details of the affixation of the couple of the FSRs
at the level of the plantar area of the SECOSP

Figure 6. Final assembly of the SECOSP

Furthermore, in most cases, commercial pedometers are not easily integrable to a
telemedicine system designed for daily-rehabilitation. A full description of the GEMU can be
found in (29) where it is available the description of a full telemetric version of the unit. For the
sake of clarity, we report here a brief description. The GEMU consists of a wearable device
sensor with a belt (Figure 7) to monitor the force exerted by the gastrocnemius against the
device sensor during muscular expansion.
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Figure 7. GEMU with belt

At the fixation point, we refer to the horizontal slice delineated by the vertex of the pit
between the two gastrocnemius muscles (Figure 8). The wearable system is based on a FSR
CP0152 (Interlink, USA) and a microcontroller PIC uP PIC 16F877 (Microchip, USA). The
pP is programmed in order to facilitate step counting (Figure 9). Once a variation of pressure is
detected by the FSR, the step count is incremented by a trigger mechanism based on a threshold
(50% of the supervised maximal signal excursion mediated on three consecutive steps). The
power is supplied by three Extracell NI-MH rechargeable batteries that provide 3.6 V and a
capacity =160 mA x h.

GEMU

Affixation reference
Figure 8. Affixation of a GEMU

Pressure
LPF Butterworth
— | R [ > A/D

2" order CF=10Hz

uP PIC16F877
Power supply
Extracell NI-MH rechargeable batteries [ 4
with 3.6 V and Imax 160 mA/h T I
Recharge pin-jack Serial connection

Figure 9. Electronic components of GEMU
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Both GEMU and SECOSP once validated with a gold standard showed high performances
when compared to an accelerometer based solution (28-29).

1.3. Solutions based on wearable systems
for the activity monitor

A person while activating muscles for the control of motion and postures can change and
configure a high number of positions as elucidated by posture and motion sciences. The
monitoring of the type of position is an important target in motion daily analysis; however, it
obviously should be limited to a finite category of motion tasks such as gait, sitting, standing,
lying; from the monitoring of these tasks, it is possible to determine the amount of daily activity
and estimate the energy expenditure. The ability to accurately monitor the amount of daily
physical activity is particular important in older adults as regular physical activity is associated
with both physical and mental health (30-34) and is a primary determinant of quality of life. The
use of accelerometers to objectively measure body movement is recorded as early as the 1970s
(35).

Veltink et al. (36, 37) investigated the feasibility of detecting postures and movements using
accelerometers, and five healthy subjects followed a strict and supervised activity protocol of
sitting, standing, lying and walking at various speeds. Veltink concluded that using a minimum
of two accelerometers, one mounted on the trunk and another mounted on the upper leg, was
sufficient to distinguish postures from movements and to discriminate between the postures of
sitting, standing and lying. Veltink used posture thresholds to identify which posture a person
had but did not describe the posture threshold method or the values used. Following Veltink’s
work, other researchers developed similar accelerometer-based mobility monitoring systems
(37-52).

Like Veltink, Busser et al. (39), Uiterwaal et al. (49) and Aminian et al. (38) also used
predetermined fixed threshold levels to define each activity classification. These monitors used
trunk accelerometers and a single thigh accelerometer and activities were classified based on an
analysis of the mean and deviation of the acceleration signal. However, in these cases, the
posture threshold method or values used were not described in detail. Lyons et al. in (53)
proposed an accelerometer-based mobility monitoring technique, which can distinguish between
static and dynamic activities and can detect the basic postures of sitting, standing and lying. The
technique allows thresholds for these postures to be set and two different posture threshold
methods are described: mid-point and “best estimate”. The evaluation of the technique was
carried out over the long-term (>29 h) in an uncontrolled environment and the method used to
carry out the evaluation was described in detail. The two different posture thresholding methods
were tested on long-term mobility data from one older adult subject. The subject did not have to
follow a specific activity protocol during the recording period (4 days) and was shadowed by an
observer in order to evaluate the accuracy of this technique. The monitoring hardware consisted
of two accelerometer devices, one on the trunk and the other on the thigh and a pocket-sized
ambulatory data-logger. Applying “best estimate” thresholding, as opposed to mid-point
thresholding, improved sitting-detection accuracy by 18%, to 93% and lying detection accuracy
by 5%, to 84%.

Referring to Lyons’ experience (53), an activity monitoring solution is based on a wearable
kit (based for example on accelerometers sensors) and properly designed algorithm to assess the
different motion tasks in an interval of time (Figure 10). Many commercial solutions are today
available designed according the experience shown in literature.
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Figure 10. Activity monitoring technique

All the showed solutions are more adequate (29) for the assessment of a percentage of a
motion task than other characteristics; more specifically they are not appropriate for the step
counting in subjects with problems of unbalance because they have been planned with other
objectives; also the costs are not right for a high diffusion of the technology. A not exhaustive
example is LifeGait (www.portablegaitlab.com/default.asp): the performances and the
acceptance of this system recently commercially available are expected to be shown by the
laboratories of motion analysis for applications of pattern recognition and/or classification.

1.4. Portable walkway systems: the GAITRite

There is a lot of portable walkway systems that could be cited, however the description
would need a special review out from the aims of this report. We will thus limit to one of the
most used systems in motion laboratories, very frequently cited in international meetings, i.e.
the GAITRite system.

The GAITRite system (http://www.gaitrite.com/) automates measuring temporal (timing)
and spatial (distance) gait parameters by means of an electronic walkway connected to the serial
port of a Windows® 95/98/ME personal computer.

The standard GAITRite electronic walkway contains six sensor pads encapsulated in a roll
up carpet to produce an active area 61 cm wide and 366 cm long. In this arrangement the active
area is a grid, 48 sensors by 288 sensors placed on 1.27 cm centres, totalling 13824 sensors. The
walkway is portable, can be laid over any flat surface, requires minimal setup and test time, and
needs no placement of any device on the patient.

As the patient ambulates across the walkway, the system captures the geometry and the
relative arrangement of each footfall as a function of time. The application software controls the
functionality of the walkway, processes the raw data into footfall patterns, and computes the
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temporal (timing) and spatial (distance) parameters. The software’s relational database stores
tests individually under each patient, and supports a variety of reports and analyses. Testing
patients with or without shoes, including those patients using assistive devices and ambulatory
aids such as: crutches, walkers, or canes. In addition, testing patients pre- and post-treatment is
quickly, and easily performed when utilizing this versatile and ingenious measurement tool.

The system is capable to produce temporal timing and spatial parameters:

— Temporal timing parameters

- Septime
It is the time elapsed from the First Contact of one foot to the First Contact of the
opposite foot.

- Gaitcycle
It is the elapsed time between the First Contact of two consecutive footfalls of the
same foot.

- Ambulation time
It is the time elapsed between the First Contacts of the first and the last footfalls.

- Velocity
It is obtained after dividing the Distance by the Ambulation time.

- Mean normalized velocity
It is obtained after dividing the Velocity by the Average Leg Length and it is
expressed in Leg Length per second (LL/s). The Average Leg Length is computed
(left leg length + right leg length)/2.

- Sngle support time
It is the time elapsed between the Last Contact of the current footfall to the First
Contact of the next footfall of the same foot. This is equal to the Swing time of the
opposite foot.

- Double support time
It is the time elapsed between First Contact of the current footfall and the Last
Contact of the previous footfall, added to the time elapsed between the Last
Contact of the current footfall and the First Contact of the next footfall.

- Sancetime
It is the time elapsed between the First Contact and the Last Contact of two
consecutive footfalls on the same foot. It is also presented as a percentage of the
Gait cycle of the same foot.

- Swingtime
It is the time elapsed between the Last Contact of the current footfall to the First
Contact of the next footfall on the same foot. It is also presented as a percentage of
the Gait cycle of the same foot. The Swing Time is equal to the Single support time
of the opposite foot.

— Spatial distance parameters

- Seplength
It is measured on the horizontal axis of the walkway from the heel point of the
current footfall to the heel point of the previous footfall on the opposite foot. The
step length can be a negative value if the patient fails to bring the landing foot heel
point forward of the stationary foot heel point.
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- Sridelength
It is measured on the line of progression between the heel points of two
consecutive footfalls of the same foot (left to left, right to right).

- Sep/extremity ratio
It is Step Length divided by the Leg Length of the same leg.

- Toein/Toe out
It is the angle between the line of progression and the line connecting the heel point
to the forward point of the footfall. This angle is reported positive for Toe out and
negative for Toe in.

- H-H base of support
It is the perpendicular distance from heel point of one footfall to the line of
progression of the opposite foot.

- Distance
It is measured on the horizontal axis from the heel point of the first footfall to the
heel point of the last footfall.

1.5. Considerations

An overview on the solutions available to obtain parameters relevant to the gait and useful to
be integrated in the design of rehabilitation walkways has been given together with the relevant
emerging limits. In particular, the methodologies up to now available are:

very expensive and thus not adequate for the daily monitoring (as the optoelectronic or
ultrasound based methodologies).

mainly suitable for the monitoring of the duration in a percentage of time of a motion task
(as the activity monitoring techniques).

mainly suitable for the assessment of transitory tasks (as the wearable systems based on
accelerometers and rate-gyroscopes).

not adequate to be integrated with a walkway (staircases, slides, etc) or to assess the
performance on a ground with different rugosity (as many portable walkway systems).

not appropriate for the monitoring of subjects with unbalance as in the case of the
Parkinson’s disease.
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2. MECHANICAL TOOLS USED IN REHABILITATION

The chapter reviews the mechanical tools used in Rehabilitation with the potentialities to be
integrated in the sensorization process.

2.1. Aids for assisted walkways

The assignment of a proper rehabilitation program in gait-rehabilitation and the choice of the
assisting devices and supports is a function of the degree of the unbalance of the patient,
assessed by appropriate tests, coming from the databases of medical knowledge. This process
involves at different levels the medical therapist and the physician, who can strictly and
continuously interact for assuring the most appropriate rehabilitation path and the best patient
progress. Figure 11 schematically depicts a possible process of the assignment of a tool for
rehabilitation. The process involves the medical therapist and the physician; they assess the
degree of unbalance using properly designed tests coming from a on a database of tests of
unbalance used in motion ability assessment. Usually these partially quantitative tests assign a
score. On the basis of the reached scores, an appropriate rehabilitation walkway or aid is thus
assigned. For assessing the degree of the unbalance, different tests may be adopted. One of the
most used methods for investigating the fall tendency or motion unbalance are based on the pure
qualitative or partially qualitative observation. The most used method is the Tinetti test (54).

\ Database
of tests focused
on motion
/ unbalance
Assignment Database
of an appropriate of
rehabilitation path
tocol
and/or aid profocols

Assignment of tool

Figure 11. Process of assignment of rehabilitation path and/or aid

This test consists of a subministration of a series of motion tasks to a subject and on a
scoring methodology based on the medical observation of the execution of these tasks. By
means of the Tinetti test it is possible to categorize the subjects into four classes, with increasing
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unbalance problems and fall-risk on unbalance. Once assessed the right motion unbalance of the
patient and designed the appropriate rehabilitation program, different instruments, both devices
and supports, are chosen for mainly assisting the patient in its walking. Different instruments,
such as assistive devices and/or support walkways, are today used for the assisted walking in the
elderly and/or disable peoples (55). Assistive devices to improve independence in the balance
and in the walking (e.g. canes, crutches, walkers) are used to provide an extension of the upper
extremities to help transmit body weight and provide support for the patient.

Besides, some walkways (e.g. handrail systems, staircases, platforms equipped or not with
obstacles) are arranged in different manner, generally in laboratories, for creating suitable
walking paths for rehabilitation/training in disable/elderly subjects. In some cases the patient is
walking-assisted in scenarios reducing the gravity of the body, both using special supports for
the body weight relief and/or environment decreasing the gravity (i.e. swimming pool). In
addition, in some rehabilitation programmes, orthosis for the lower limbs are temporarily used
in order to sustain the impaired leg, like as the AFO (Ankle Foot Orthosis) devices and the RGO
(Reciprocating Gait Orthosis) or the ARGO (Advanced Reciprocating Gait Orthosis).

2.2. Assistive devices

The proper use of the assistive devices, also common referred as ambulatory aids, depends
on the degree of the impairment of the subject. Generally, the more disabled the individual is,
the greater the complexity required in the walking device.

In general, an assistive device helps to:

— redistribute and unload a weight-bearing lower limb;

— 1improve balance;

— reduce lower limb pain;

— provide sensory feedback.

The most common assistive devices (associated to different impairments) that aid in
ambulation and mobility are as follows:

— Canes
- single-point cane
(for mildly impaired balance/stability or unilateral lower limb pain/mild weakness)

- quad cane (narrow or wide base)
(for moderate impaired balance/stability)

- walk cane (hemiwalker)
(moderate-to-severe unilateral weakness/hemiplegia)

— Walkers

- Dbilateral crutches or walker (pickup or front-wheeled)
(for bilateral lower extremity weakness/paralysis)

- walker (pickup or front-wheeled)
(for severely impaired stability)

- stair-climbing walker
(for difficulty in climbing stairs).

Many assistive devices for the walking could be sensorized for acquiring the most significant
walking parameters, in order to carry out a more complete assessment of the posture and balance
in ageing and disease and also for monitoring more efficiently the rehabilitation progress.
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2.2.1. Example of cane sensorization

Moran et al. (56) showed the potentialities of the cane sensorization. They integrated an
electronic system with a commercial cane in order to measure the axial cane forces while
walking and furnish biofeedback information to both a subject and a physician. An audio alarm
can be programmed to sound within adjustable limits according to the cane load magnitude.
Cane load sensors provide input to a portable data acquisition system which is designed to
perform analog to digital conversion and store the force data using a precalibrated look-up table.
The audio alarm is controlled on the basis of sensor look-up table values with high and low
thresholds set as a ratio of subject weight. High-speed CMOS (Complementary Metal-Oxide
Semiconductor) technology and the Motorola 68HC11 microprocessor were used in the design
to limit power consumption. Ten normal adult subjects were used to evaluate the system.
Measurements were made using the system with and without audio feedback. The system is
suggested for further use in the characterization of feedback on cane and lower extremity load
metrics.

The authors retained that a more simple approach, to give a reliable evidence of cane use
with feedback to both patient and physician, could be realized simply by using the audio
feedback together with a pulse train related to the length of ground pressure, without load
information as a first simple aid to the interpretation of the walking model avoiding the high
amount of electronics and calibration needs for a internal/external environmental use of a simple
portable kit. The information provided by this simple solution fits with the aim of the project to
have a set of parameters to evaluate level of ability reached.

2.3. Assisted walkways

In the following we report a summary of the most common walkways used in laboratories in
the assisted walking:

— Handrail systems

The most common handrail systems are of two types: 1) a system of a pair of parallel bars
directly connected to the ground, to support the patient walking to the ground; 2) a system
of a pair of parallel bars and a platform, where the patient walks. Both systems have the
possibility of regulating the high of the handrail; the minimum length of the walkway is 2
meters and the systems of type 2 could be modular, in order to realize a longer walkway.
If needed, a trolley to sustain the patient during the walking can be applied to the handrail
systems.

— Staircases
There are platforms at different high that can be arranged in order to realize staircases in
different configuration: at one, two or three ramps arranged by normal steps or by slide.
These modular staircases with adjustable handrail and parallels bars could be adapted
both to children and adult subjects. The staircases can be combined with ramps and
platforms with high or low steps, offering thus the possibility to modify the difficulty of
the therapeutic-rehabilitative exercise during the execution.

— Equipped walkways
Different objects can be placed in the platform of the handrail systems to create different
types of rehabilitation walkways. The objects can be of different material (e.g. plastic



VDA Net srl http://www.vdanet.it VDA Net srl

Rapporti ISTISAN 10/16

bags filled of sand or PVC granules), shape (e.g. concave/convex modules) and surface
(e.g. modules with lines or hemispheres) for offering different difficulty and rugosity.
Moreover the platform of the handrail system can be equipped with obstacles for
incrementing the complexity of the walking exercise.

2.4. Ankle foot orthosis devices

An Ankle Foot Orthosis (AFO) is a hard brace worn on the lower leg to support the ankle
and foot junction during walking furnishing elastic propulsion for those subjects with
neuromuscular pathologies affecting the normal gait.

People suffering from a foot drop, or inability to raise the foot, often wear an ankle foot
orthosis to assist clearing the toes during walking. In order to contain the foot in the functional
position, it is used various orthoses, such as peroneal springs, Codivilla springs, and others,
which are inserted in ordinary shoes and are fixed to the leg of the patient by means of
appropriately provided closure systems, for example of the Velcro type.

An example of these AFO devices, used in case of paralysis of the extensor dorsal muscles,
is the Codivilla spring for supporting the dangling foot. It is constituted by a steel foil vertically
inserted in the posterior of the shoe and placed along the back calf, until the posterior convexity
of the leg.

2.5. Recipro-gait orthosis
and advanced recipro-gait orthosis

The RGO and its ARGO evolution (57) are orthoses designed in order to allow the gait with
alternated footstep also to the paraplegic patients. This is possible because the hip joints are in
block position only for the time necessary to the patient to catch up the erected position. The
unblocking of the hip joints allows the alternated footstep, with the legs advancing in oscillation
singularly and alternatively. Moreover the two hinges of these devices are connected through
metallic cables in order to avoid a contemporary inferior limbs flexo-extension, in manner that
to each joint hip extension corresponds the flexion of the contralateral hip join and vice versa.
Naturally the walking can only occur with the aid of the crutches or the walker, while the
erected position can be maintained without other aids.

In order to optimize the deambulatory technique and to get better the aesthetic and dressing
characteristics, various improvements have been carried out on the RGO, leading to the
realization of other versions of orthosis, such as the ARGO. The mainly innovative element of
this orthosis when compared to the previous one is the insertion of a pneumatic system to the
level of the knee for supplying part of the required energy to reach the erected position.
Moreover the structure of ARGO results lighter than the RGO.

The RGO or the ARGO, also remaining the only orthoses that allow the independent
deambulation in the paraplegic patients, result no more used due to their encumbrance, weight
and no pleasant aesthetic. For this reason many patients prefer to use the wheelchairs.
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3. DESIGN AND CONSTRUCTION
OF THE PROPOSED PORTABLE KIT

The methodological flow followed to design and construct the portable kit consisted of:

— definition of the architecture of the clinical system and modelling parameters.
— design and construction of the hardware solution;
— design and construction of the software interface.

3.1. Definition of the architecture of the clinical system
and modelling parameters

The aims of the entire system designed at ISS are:

— monitoring the steps performed during a rehabilitation task on the basis of a predefined
protocol and on an assigned walkway of a defined length and thus the determination of all
the relevant parameters of velocity and time (Figure 12);

— pre-processing this information according to a model to obtain other useful gait
parameters;

— formatting this information according to a textual file easy to send to a communication
centre for post-processing purposes and archiving according to a database.

Step-counter
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Figure 12. Monitoring of the steps during a rehabilitation task in an assigned walkway

The complete architecture (hardware and software) of the system is as follows: the hardware
unit allows the telemetric acquisition of the row data from the subjects; the row data are sent by
means of an acquisition card (NI-DAQ USB-6008 by National Instruments, USA) connected by
USB connection to a PC; a software interface, designed by means of LabVIEW 8.2 (National
Instruments, USA) pre-process the information in the PC according to a model, rearrange it in an
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ASCII textual file easy to manage and upload it by means of a LAN or WAN connection for the
final post-processing and archiving.

3.2. Design and construction of the hardware solution

The hardware solution is based on the following components (Figure 13):

— step counter;

— detectors positioned at the initial and final position of the path, to detect the start and the
end of the gait exercise;

— one central unit for the collection of the row data.
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Figure 13. Components of the hardware solution in details

3.2.1. Step counter

Different step counters can be used in the hardware solutions such as sensors based on:
accelerometers; FSR embedded in a sole; FSR affixed for monitoring the expansion of the calf
(the cited GEMU). The step counter used in this bench test is based on a GEMU. In brief, the
wearable system consists of a device sensor embedded in a belt to monitor the pressure variation
during the muscular expansion at the calf level. The device sensor is based on a FSR (CP0152
by Interlink, USA) and the microprocessor (uP PIC 16F877 by Microchip, USA). The pP is
programmed in order to allow the step counting. Once a variation of pressure is detected by the
FSR at the level of the gastrocnemius, the step counting is incremented by a trigger mechanism
based on a threshold. The device is telemetrically connected to a central unit for the integration
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to the WAN/LAN by means of a couple of telemetric receiver-and-transmitter (RX-TX) devices
XTR-434H (Aur®el, USA), which works at 433.92 MHz. The connection to a central unit is also
used for recharging this wearable component.

3.2.2. Detectors of the path

The assessment of the start and final position of the path is basic to determine the duration
(in time) of the exercise. This timing also acts as a temporal mask for the step counting. Only
the steps actually monitored, during this timing interval are used to increment the total number
of steps. Two couples of photo-emitter/detectors PEM 10D (Wellean, UK) and relevant mirrors
have been used to be positioned respectively at the starting and the ending of the walkway on
two couples of tripods.

3.2.3. Central unit

The central unit (Figure 14) is telemetrically connected with the other components of the
equipment. It also provides the following functions:

1. assessment in real time of the number of steps;

recharging of the step counter;

elaboration of the row data (Tstart, Tstop, Number of steps);
biofeedback representation of the data;

connection to a Pc to send the parameters Tstart, Tstop, Number of steps.

nkh N

Figure 14. The central unit of the proposed system

3.2.4. Parameters from the portable kit

Starting from the number of steps Ny, during the masked interval of time and the
At = Ty - Tsop interval of time associated to the length of the rehabilitation walkway and the
spatial distance d it is possible to obtain:



VDA Net srl http://www.vdanet.it VDA Net srl

Rapporti ISTISAN 10/16

— the exact mean velocity Vy, [1], knowing the distance d and the interval of time At
masking the exercise:

V, =— [1]

lqer = 2]

and thus

— as limits of errors; the superior and inferior ranges of step length lgiep-sup and lgep-ing [3, 4]
obtained in the case of the maximal range of errors at the moment of the end of the
exercise, in consideration of a + 0.5 step:

d
I e e 3
sep —oup Ngp +0.5 B]

| -9 [4]

S Ny — 0.5

As a numerical example, in the case of a walkway of 10 m and in the case of Ny, = 15 [5],
from equation (Eq. 2-5) it is respectively obtained lyep, = 0.666; lgep-sup = 0.689; Lgiep-ing = 0.645.
This result shows that also in the case of the maximal errors at the end of exercise the estimated
length of steps differs in a value about 2x102 m i.e the contour of a shoe. However repeated
measures associated to statistical models gives satisfactory results as enlighten in the following.

10

o =505

[5]

The processing according to the equation [1-4] is obtained by the following described
software interface.

3.3. Design and construction of the software interface

A software program was developed for monitoring the walkway of patients wearing the
GEMU device and storing the parameters in text ASCII files containing also the patients’ name
and the length of the walkway. The program was developed in the LabVIEW programming
language (Laboratory Virtual Instrument Engineering Workbench) version 8.2.

LabVIEW is a graphical programming language that uses icons instead of lines of text to
build programs. A program generated with LabVIEW is named VI, or Virtual Instrument, to
indicate a LabVIEW program imitating a physical instrument. The instruction and functions are
represented by graphical objects, and the object representing a function is provided with
terminals of input and output and correspond to a VI program. The subroutines created by the
programmer are also generated as VIs program, with proper input and output terminals, and
placed in the main VI and for this, they are denoted SUBVIs. Figure 15 shows examples of an
instruction and a predefined function.
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Figure 15. “While Loop” instruction on the left
and the “Write To Spreadsheet File” function in the right

A LabVIEW VI consists of two windows:

— Front panel: constituted the user interface and contains objects representing the
inputs/outputs parameters of the VI program (like as controls, indicators, charts) and
other useful for the control of the execution of the program (like as buttons, LED). In
some ways, the Front panel is similar to the Front panel of a physical instrument.

— Block diagram: constituted the “source code” of the program, represented by graphical
functions linked by means of wires. This graphical source code is also known as G code
or block diagram code. In some ways, the block diagram is similar to a flowchart.

Figure 16 shows the two windows (Front panel and Block diagram) of an empty VI.
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Figure 16. The two windows of the VI programs: the “Front Panel” on the left
and the “Block Diagram” on the right

The developed program uses a digital-analog acquisition card (DAQ USB-6008) for acquiring
signals coming from the central-unit to monitor the walking. The NI-DAQ USB-6008 provides
connection to eight Analog Input (AI) channels (Al resolution: 12 bits differential, 11 bits single-
ended), two Analog Output (AO) channels, 12 Digital Input/Output (DIO) channels, and a 32-bit
counter with a full-speed USB interface. The NI-DAQ is used for acquiring the (digital) signals
from the two photocells placed in the walkway for marking the start and stop of the patients’
walking. Further, the DAQ board acquires the number of the steps: the digital signal coming from
the central-unit. In the control software application, for each walking trial of a patient, when the
signal of the “start photocell” becomes high, a timer starts and it is stopped when the signal of the
“stop photocell” becomes high: the number of steps is counted and the timer measures the time of
the walking. At the end of the walking, the program, considering the length and time of the
walkway and the number of steps, computes other parameters described in the following and
stores the data in the text file.
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3.3.1. Program structure

The interface of the control program is constituted by two Front panels of interface for the user.

The first Front Panel (Figure 17), belonging to the main program named
“GEMU _pathway.vi”, contains three control buttons:

— NEW SESSION button: to begin a session of measurement

— CLOSE button: to close the main application

— HELP [F5] button: to open a window containing a descriptive help of the application.

Tools W]

File Edt View Project Operate
2] [ 17pt System Font -]: NEW
NEW | crose | | ; SESSION CLOSE
SESSION |
HELP[FSIEE HELP [F5]

Figure 17. Front panel of the main VI: aspect of the panel in the non-executing program
(right) and in the running program (left)

The second Front Panel, belonging to the SUBVI “GEMU-path_session.vi”, is displayed
when the control button “NEW SESSION” of the first Front Panel is pressed: a session of
measurement is started for computing the parameters of the patients’ walking (a session could
be constituted from one or more trials) and the “GEMU-path_session.vi” Front Panel is
displayed for the monitoring and controlling the trials of the current session (Figure 18).

! GEMU-path_session. vi

NEW sathway Iength(m)’G E M U PATHWAY ISession - Trial nhumber
TRIAL |1 GEMU parameters
START STOP
PHOTOCELL PHOTOCELL
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send_data  timeout? tmoult_sess
CiDocuments and Settingstsanmoriarea dilavorol, & i = iy g 5 _sess ) STOP
% progetih20058_04_Santal uciatsoftware\GEMU- Zimone 3
pathrway \GEMU-trmr_dat\GEMU_ SESSION

Figure 18. Front Panel of “GEMU-path_session.vi”
for monitoring a trial of the patients’ walking

At the beginning of a new session, the user must insert the name of the patient and the
walkway length (in meters) and a new text data file shall be opened, containing this information.
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If the user does not insert the right inputs, an alert message shall be displayed and the
application shall be terminated. For inserting the two inputs, two input windows are displayed.
The Front Panel of “GEMU-path_session.vi” contains:
— NEW TRIAL button: pressing it, the program begins the acquisition of the new trial;
— two LED indicators, “START PHOTOCELL” and “STOP PHOTOCELL”: they indicate
respectively the beginning and the end of the walking of the patient along the walkway;
— “elapsed time (hh:mm:ss)” indicator: it displays the elapsed time from the start of the
walking;
— “Session — Trial number” indicator: it shows the number of the current trial;
— “GEMU parameters” indicator: it displays the computed walking parameters at the end of
the walking;
— STOP SESSION button: pressing it, the current session terminates and all data of the
patient are stored.

The two LED indicators become green when the signals of the reference photocells are high. In
particular, as soon as a new trial is started, the LED indicator of the start photocell is yellow
blinking, until the reference signal remains low, still awaiting the patient starts to walk along the
walkway.

While the patient walks along the walkways, a timer, started at the start signal high, shows
on the relevant indicator, the elapsed time from the beginning of the walking. When the patient
arrives to the end of the walkway, the signal of the stop photocell becomes high, stopping the
trial: the program computes the walking parameters, stores the data in the current data file
associated to the current session and the data of the current trial are displayed in the relevant
“GEMU parameters” indicator (Figure 19).

) GEMU-path_session. vi

NEW pathway lengthim) G EM U PATHWAY iisc;s\ﬁ:- Trial number
BRIALSN: . GEMU parameters
START STOP
PHOTOCELL PHOTOCELL PROVA-1 08:34:07
@]
PARAMETRI ~——--—--

Durata camminamento (hh:mm:ss): 00:00:37 - Numero passi: 15.000 —
Ymedia (m/s): 0.297 — lungh passo (m): 0.733 —

o lungh passo superiore: 0.710 --- lunghezza passo inferiore: 0.759
elapsed time (hh:mm:ss)

00:00:37

pathDati
d data @ 7 tmoLt_sess
C\Documents and Settings\sanmoriarea di lavoroh, ,-Sen 2 M . _sesst) STOP
& progetti2008_04_Santalucialsoftware\GEML- g Hone 92 SESSION
pattway \GEMU-tmr_dat\GEMU_

Figure 19. Front panel of the “GEMU-path_session.vi” at the end of a trial

The STOP SESSION button allows to terminate the current session. When this button is
pressed, the data file of the current patient is closed, the Front Panel of “GEMU-path_session.vi”
is closed and the SUBVI “GEMU-path_session.vi” ends. The Front Panel of “GEMU-pathway.vi”
remains opened and a new session can be started or it could be closed the application.

The program computes the parameters of the walking according the above described model
reported in Table 1.
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Table 1. Parameters of the walking computed by the program

Formula Definition

L pathway (M) Length of the pathways (or walkway) along the patient walks;
the value in meters is inserted in the program by the user

Nstep Number of step; this parameter is computed from the GEMU device
and its value is acquired from the program at the end of the walking

V. = L pathway (mis) Mean velocity; At is the walking time in seconds
= —
At
I _ Lpathway m) Approximate step-length
step — N
step
| _ Loathway (m) Superior range of the step-length
step .
| o Lpathway (M) Inferior range of the step-length
step _inf Nstep -05

The lgiep-sup and lgep-ins are the superior and inferior range of the step-length obtained in the
case of the maximal range of errors at the moment of the end of the exercise.

Figure 20 shows a section of the Block Diagram of the main VI program
“GEMU_pathway.vi”.

¥ GEMU_pathway.vi Block Diagram

File Edit “iew Project Operate Tools Window Help 3
= = ==
[0 1 ol 7ot popicvon o 1 o] *
~
[Ervent Structure]
[Flat Sequence Stucture ] ([2] "MUCVA SESSIONE": Value Change ~pf———
oo o00o00000oooooooDooo oo ooong SoLrced
Type mai_parametri:
Time destinatari
CHRef $- rittente
Oidval + mail_server
i Teval
GEMU
Fils I
ORlg) tmout_sessih) i
UCWA SESSIONE]
[TES
=
bt
{NslsNsNuNshsNuNsNsNaNsNeNuNsNsNueNsNnNaniNusNginkshshuis] = N
|
b
< >

Figure 20. Section of the Block Diagram of the main VI program, the “GEMU_pathway.vi"
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The sub-section on the left is a “Frame Sequence Structure” containing some SubVlIs used
for the configuration of some parameters of the program. The sub-section instead on the right is
an “Event Structure”, indicating the event calling the “GEMU-path_session.vi” SubVI, for the
execution of a measurement session.

3.3.2. Data file

A data file is associate to each measurement session. The file name is
GEMU <YYYYMMDD> <hhmmss>, where the fields <YYYYMMDD> and <hhmmss> are
respectively date (Year, Month, Day) and time (hour, minute, second) of the start of the session,
when the data file is created. At the start of the session, the program writes in the data file the
information relevant to the session start, the patient name and the walkway length. At each trial of
the current session, the data file is written in append for adding the walking parameters computed
from the current walking trial. At the end of the session, the program writes in the data file the
time duration of the session and file is closed. The data file contains the following information:

— date and time of the start of the session;

— patient name;

— walkway length in meters;

— walking parameters relating to each trial:

- walkway time (hh:mm:ss)
- step number

- mean velocity (m/s)

- step length (m)

- superior step length (m)

- inferior step length (m);

— time duration of the overall session (hh:mm:ss).

Figure 21 reports the screen shot of a data file. The set of the data file can be arranged for
creating a patients’ database, useful for monitoring the performance and the progress in a
rehabilitation program.

B GEMU_20090714_145927 - Blocco note g@g|

File Modifica Formato  Visualzza 2

SESSIONE 14/07/09 14:59:27 PAZIENTE Sandra

DISTANZA CAMMINAMENTO (metri): 10

PARAMETRI ----------

Durata camminamento ¢hh:mm:ss): 00:00:36 --- Numero passi: 15.000 ---
wmedia (mfs): 0.278 --- lungh passo (m): 0.667 ---

Tungh passo superiore: 0.645 --- Tunghezza passo inferiore: 0.690
PARAMETRI ----------

Durata camminamento ¢hh:mm:ss): 00:00:00 --- Numero passi: 15.000 ---
vmedia (mfs): Inf --- lungh passo (m): 0.667 ---

Tungh passo superiore: 0.645 --- Tunghezza passo inferiore: 0.690

DURATA SESSIONE Chh:mm:ss)y: 00:02:01

Figure 21. Example of a data file of a measurement session
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The simulated stress analysis of the system (based on the data-sheets of the components)
showed a foreseen life of 20 years for the complete equipment. Furthermore all the components
used show from data-sheet to allow more than 5000 trials. The step counter used in this first
illustrative test (GEMU) has been fully validated in an application with the Parkinson’s disease

(29).

4.1. A case study with statistics

As an example of application of the methodology to one healthy subject at the 1™ level of
the Tinetti test (54) of motion unbalance disability (male; height 1.80 cm; weight 84 kg; age 69
years) we report an output (Table 2) of a single clinical application and the values relevant to 10
repetitions are: lye, = 0.665 and Standard Deviation = 0.013. All the trials were performed on a

10 m walkway.

Table 2. Parameters as output of the single application of the portable clinical kit

Item Value

Time of task 36s

Number of steps 15

Mean speed 0.278 m/s

Istep 0.667 m

|step—inf 0.645m

Istep-sup 0.690 m
Table 3 shows the direct costs in detail.

Table 3. Costs of the clinical portable kit

Description N. Price

(in euro)

Cost of the production (materials, test and construction)
Mechanics (cases / boards / general mechanical hardware) - 25
Microprocessor PIC 2 30
Sensor Force Sensing Resistor (FSR) 1 30
Couple of Foto-emitter / Detectors 2 120
Transmitter / Receiver 1 44
Cost associated to the time of construction and test 30 €/ h - 180*
Other passive electronic components - 57
Other active / integrated components - 62
Total 548

Cost of the study of the circuit, master and software
Study of the circuit 30 € / h 400
Study of the optimization of the masters of the boards 30 €/ h - 105
Study of the development of the software program 30 €/ h - 450
Total 955
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The cost of production (montage, materials and test) in the minimum setup has been
separated from the cost of the study to allow an estimation of a serial production. The complete
cost of the prototype equipment is 548 € for the materials, montage and test and 955 € for the
study, i.e. about 20 times lower than the cost of a baropodometric equipment and hundreds of
times lower than the optoelectronic equipment. The cost of the software has not been included,
since the software LabVIEW 8.2 is currently available in biomedical laboratories and it
generates an executable file without cost for the interface.

4.2. Discussion and future perspectives

Today there is a continuous demand of easy, low-cost-and interoperative technology for
purposes of rehabilitation to promote and monitor health. One of the most used technologies in
the motion monitoring is represented by the step counter or pedometer. The step counting is an
important index of motion activity and useful to monitor the response to the rehabilitation care
therapy or in the obesity care and diabetes care. Furthermore, when it is accompanied with other
kinematic information such as velocity, distance and time, it could give to physician and
therapists useful quantitative information to assess the progress of a patient and useful
biofeedback information that motivate the patient to continue the therapy. In this report we have
proposed a kit that answers to the following need.

The kit comprehends a hardware unit that allows the telemetric acquisition of the row data
from the subjects wearing the step counter and the triggering of the task by means of two
photocells. The row data from the hardware unit is sent by means of a national instrument
acquisition board NI-DAQ USB-6008 to a PC via an USB connection. A software interface,
designed by means of LabVIEW 8.2, pre-processes the information in the PC according to a
model and arrange it in a text file easy to manage and to send by LAN or WAN connection for
the final post-processing and archiving purposes.

From a global point of view the kit allows an easy monitoring of gait parameters and adds
the following advantages:

It allows the use of different properly designed step counters. Even if we have used a GEMU
for illustrative purposes different step counters can be used in the hardware solutions such as
step counters based on accelerometers or on Force Sensing Resistors embedded in a sole of the
shoe or a step counter embedded in an AFO. The only requirement to meet is the very simple
handshaking protocol.

It can be used with different ground rugosity. This is an important parameter affecting the
unbalance and, mostly important, the fall-risk.

The equipment can be used with different rehabilitation mechanical equipments (from
staircases to slides).

The customization of complex walkways is also possible for the daily monitoring; properly
designed walkways in a form of complex paths (also with obstacles) may be traced for examples
at a patient’s home to daily assess parameters and encourage to motion activity.

When comparing to the other listed and examined solutions, the kit shows the following
advantages:

Very low costs; not also when compared to optoelectronic solutions but also when compared
to other portable solutions such as the activity monitoring commercial solutions (such as
LifeGait) or the portable gait analysis systems such as GAITRite.

Very high accuracy when using properly designed step counters for subjects with problems
of unbalance when compared to commercial step counters or wearable systems with
accelerometers and rate-gyroscopes and activity monitoring.
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Furthermore the comparison to the portable Gait analysis system GAITRite shows that
second one allows a very fine complete Gait Analysis in a limited to a carpet distance with a
constant an thus not changeable rugosity; the designed kit allows a simplified Gait Analysis not
limited in length, shapes (also labyrinth are possible) and rugosity. The two approaches are thus
complementary and complete each to other.

From the project side of view this report represents a meeting moment among the project
partners in the phase of integration; useful to accept revision proposals or suggestions (for
example about the interfaces of the menu, the keys and records of the databases)

At the moment the work route has three directions:

1. The integration of the equipment versus the Hospital LAN and Hospital Information
Service (HIS) in collaboration with the partners of the project Fondazione Maugeri,
Fondazione Santa Lucia and the TDS Project srl company. Figure 22 shows an example
of possible distributed implementation.
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Figure 22. Example of a possible integration of the clinical portable kit

There is a Daily-rehabilitation Government (TR-GOV) that monitors these equipments
and other similar ones designed with other Daily-rehabilitation aims. There is the
feasibility to access to the virtual-directory of the patients available in the Hospital
Information Server (HIS) for the clinical use. The estimated cost of the sensorization of
the 5 walkways shown in the example is 548 Euros X 5 (one without aids, one based on
the Codivilla spring a prosthesis fully used in post-stroke rehabilitation (28); two with
different canes; one with handrail).
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2. The enrichment of the equipment with further functionalities. In fact thank, to the careful
discussion between the biomedical engineers and the physicians we are adding to the
equipment further potentialities characteristic =~ for different categories of
pathology/patient. The equipment thus represents a baseline version which will evolve
with the suggestions of the experts in the field and new exigencies of application (Figure
23). As first two non-exhaustive examples of emerged needs of upgrading we can cite

a) The need of measuring the distance among the legs
b) The assessing of the temporization of the waking-pattern

Suggestions of experts New exigencies of application

N ¥

Portable clinical kit
BASELINE

Portable clinical kit
NEW FUNCTIONALITIES

Figure 23. Evolution of the baseline version of the portable clinical kit

3. A further possible evolution of the study will consider the connection in cascade of
different walkways to constitute a complex pathway for the assessment of the parameters
relevant to the final path as a whole and relevant to each singular element of walkway.

Figure 24 elucidates a final possible scenario, a pathway embedding a cascade with different

walkways (handrail, stairs, slide) with different rugosity p = pl, p2, p3 for rehabilitation
purposes in a hospital, while Figure 25 shows a cascade of flat walkways to constitute a
complex pathway in a form of labyrinth for rehabilitation purposes at home (linear, curvilinear,

linear with obstacles) with different rugosity p = p1, p2.

Photo-cell

Ps3
p .
Py 2 stairs — 14e

handrail

Figure 23. Possible rehabilitation pathway with a cascade of 3 rehabilitation tools:
handrail, stairs, slide



VDA Net srl http://www.vdanet.it VDA Net srl

Rapporti ISTISAN 10/16

Photo-cell

l

—-— e e s s - —

-~
s ~
P1 P, N
li = N\ N
inear
\ \\
curvilinear M \
\
\ \
‘;
\ P2
linear

with obstacles

|

Figure 24. Horizontal view of a rehabilitation pathway at home with a cascade of 3 walkways
(linear, curvilinear, and linear with different rugosity and obstacles walkways)

At the moment we are upgrading the software-package to reach this objective, by inserting
the appropriate cascade-menus.
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