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Abstract. External cueing in the form of visual, auditory or vibratory cue is
useful to avoid freezing of gait (FOG) problem commonly experienced by indi-
viduals with Parkinson Disease (PD). The currently available technology-
assisted solutions are of limited help because of two main issues: (i) the use of
accelerometer or gyro-based wearable sensors for prediction of FOG are noise
prone and (ii) deliver external cues without any individualization. In our present
research, we have designed a low-cost system that can be attached as an add-on
module on ordinary walking stick that can (i) predict freezing of gait (ii) deliv-
er visual, auditory and/or vibratory cues in an individualized manner. We con-
ducted a preliminary study with one PD participant. The preliminary results
show potential of our system to reduce freezing counts, increase average step
length and walk speed of the participant.

Keywords: Parkinson’s Disease (PD), cues, Freezing of Gait(FOG), Gait
Analysis

1 Introduction

Globally, approximately 1% of individuals older than 60 years are reported to be
suffering from Parkinson’s Disease (PD) [1] which turns out to be more than 10 mil-
lion people worldwide [2]. Gait abnormality is a hallmark of this disease which is
attributed to loss of neurons in substantia nigra of basal ganglia, responsible for gen-
eration of dopamine [3]. Freezing of gait (FOG) is a common and debilitating, but
largely mysterious, symptom of Parkinson disease with limited treatment options[3].
FOG is characterized by varying combinations of start hesitation, hesitation while
walking through narrow spaces and at the time of turning, stop hesitation or hesitation
at any point while walking, which often results into fall [3]. Thus, often, the PD indi-
viduals suffering from FOG, become dependent on caregivers for community ambula-



tion, thereby adversely affecting their independent community living and overall
quality of life.

Technology-assisted solutions that provide external cues, have been reported to
improve walk pattern with reduced / no FOG occurrence during walking in PD pa-
tients[4,5]. External cues in the form of visual, auditory or vibratory cues are deliv-
ered either in isolation or in combination. Visual cues in the form of transverse lines
on the floor [6], 3D staircase painted floor [7], curved end of an inverted walking stick
[8], laser lines projected on floor by foot-mounted wearable device [9] have been
reported to be useful in improving walk pattern of individuals with PD. Combination
of Visual and Auditory cues given by augmented reality based Google glass has also
been found to be useful for avoiding FOG in individual with PD [10]. Auditory cues
generated by Listenmee mobile based application has been shown to be useful in im-
proving the walk pattern of individual with PD [11]. The Vibratory cue has been
shown to contribute to significant improvement in step synchronization in individuals
with PD suffering from FOG [12]. For example, Step-synchronized vibratory cue
applied to one’s feet, such as in PD shoes, has been reported to improve one’s walking
ability [12].

These currently-existing technology-assisted solutions often suffer from the proto-
col of delivery of the external cues and / or usage of wired systems. Specifically, most
of the systems delivering Visual, Auditory, and / or Vibratory Cues, generate these
cues either individually or in combinations continuously, instead of assist-as-needed.
For example, most systems generate Vibratory cue in a continuous manner (irrespec-
tive of whether this cue is required or not) and delivered alternately to both legs of a
person that is often irritating and / or distracting to the person. Additionally, given the
spectrum nature of the disorder, often the manifestation of the PD symptoms is highly
variable even in an individual, [13] which calls for personalization. There is no exist-
ing system to our knowledge that can trigger combinations of the three external cues
in an integrated and assist-as-needed manner that is individualized to each person's
walking capability. Again, researchers have often used wearable sensors attached to
the hands [14] or feet [15] for sensing gait abnormalities. However, the attachment of
these sensors can (i) bring in a feeling of being wired, affecting the freedom of move-
ment of the user and (ii) pose a possibility of adding signal noise on account of
movement artifacts that may not be associated with one’s walking.

Thus, given these limitations, we have designed a Smart Walking Aid System that
can be fitted as an add-on module on an ordinary available walking stick and wireless-
ly trigger peripheral modules to deliver Visual, Auditory and/or Vibratory cues in an
integrated, assist-as-needed and individualized manner. Additionally, our proposed
system does not use any wearable sensors to sense gait abnormalities of the user. In-
stead, this intelligently monitors one’s walking stick movement profile to predict one’s
possibility of freezing of gait.

1.1  Objectives and Scope

The objectives of this paper are two-fold: (i) present the design of the Smart Walk-
ing Aid System and (ii) preliminary validation study with one PD participant. This
paper is organized as follows: Section 2 describes the system design Section 3 pre-



sents Experimental Setup for our study with proposed system, Section 4 presents the
results obtained in our study and discussion based on the obtained result. Section 5
presents conclusion and limitation.

2 System Design

Our Smart Walking Aid System is composed of two sub-modules, namely (1) Mas-
ter Controller Module and (2) Vibratory Belt assembly.

2.1 Master Controller Module

Master
Controller
Module

Holder for laser

line generator a

module <— rdinary
Walking Stick

X cm

Vibratory Belt
Assembly

(2) (b)

Fig. 1. Smart Walking Aid System comprising of (a) Master Controller Module (MCM) attached on
ordinary walking stick and (b) Vibratory Belt Assembly to be worn on Calf Muscles.

The Fig. 1 shows the Smart Walking Aid System with Master Controller Module
(MCM) mounted on an ordinary walking stick at a height of x cm from the bottom tip
of the stick. The MCM module is a micro-controller based unit operated by a 5V
regulated supply. MCM receives pulses from two Proximity Sensors (US1 and
US2).The US1 is mounted at the bottom of the MCM module and it is used to sense
the distance of the stick tip from the ground surface. The US2 is mounted at the stick
tip and it is used to sense the user’s foot. The MCM module triggers three output
peripheral devices, namely, (i) Laser Line Generators to deliver Visual cue by pro-
jecting two parallel red colored laser lines (Linel and Line2) on the floor (ii) Piezoe-
lectric Buzzer to deliver Auditory cue and (iii) Vibratory Belt assembly to deliver



Vibratory cue. There are two laser line generators attached in holders for laser line
generators as shown in Fig.1 and piezoelectric buzzer is mounted inside MCM.

2.2 Vibratory Belt Assembly

The Vibratory Belt assembly is a microcontroller based unit that houses a vibrator
unit with Bluetooth connectivity that needs to be wrapped on the calf muscle. The
Bluetooth receiver attached with Vibratory Belt Assembly communicates wirelessly
with the Bluetooth transmitter of the MCM module to trigger the delivery of vibratory
cue based on assist-as-needed.

2.3 Operation Rationale

Occurrence of FOG in an individual with PD, while walking is often accompanied
with small shuffling steps along with freezing being experienced in hand which in turn
changes hand movement profile while walking [14]. Thus, our Smart Walking Aid
System computes (i) the time interval between two consecutive contacts of stick tip
with the floor surface and (ii) the maximum height (from the floor surface) of the
envelope of the profile of the stick tip between two consecutive contacts with the floor
surface in real-time, while the user is asked to walk while holding the walking stick in
real-time. Based on these two measures, our Smart Walking Aid System calculates the
threshold time interval (Afry) and height (hry), and generates combination of Visual,
Auditory and Vibratory cues in an individualized manner to facilitate the individual
with PD to overcome FOG while walking. In addition, our Smart Walking Aid System
also addresses ‘Start Hesitation’ by triggering all the three cues for the first » number
of steps in an individualized manner.

Consider that for the first » number of steps, let 4;, ks, hs,...h, be the maximum
height of the profile of the stick tip above the floor surface between consecutive con-
tacts of the stick tip with the floor surface. Also, let At;, Ats, Ats,...,At, be the time
interval between the consecutive contacts of the stick tip with the floor surface. The
system finds the average height (h4y) and average time interval (4¢4yc) using Eqns. 1
and 2. Then the system computes the threshold height (%75) and threshold time interval
(Atrr) by using eqns. (3) and (4). The coefficients, ‘w;” and ‘w,’ can be tuned based
on the therapist’s feedback. In our case, we chose the values of w; = w, =0.25 which
can be different for different individual.

1 1
Nave =HZhn e (1) Abye =HZtn e (2)
By = (W) * (M) v B) Aty = (W,) * (Atgg) ovnenens (4)

While the user walks with the walking stick and the stick tip touches the floor sur-
face, our Smart Walking Aid System projects two red colored laser lines (Line; (near
the stick tip perpendicular to the stick and in front of user) and Line; (offset by z units
from Line; and parallel to Line;)) on the floor. When, the stick tip touches the floor
surface, auditory cue as a beep-like sound is generated which works as step initiation



cue. When the user steps on Line;, Auditory cue as a coin drop sound is generated
which works as feedback cue for correct step.

While the user walks with the walking stick, our Smart Walking Aid System com-
putes instantaneous values of At and % and checks whether,
AtAVG-ALTH S At AtAVGHALTH ettt %)

havG-h1H S hS hAVGHITH oo (6)

Based on these conditions (egs. 5 and 6), our Smart Walking Aid System predicts
abnormality in one’s gait pattern. In turn, it triggers Vibratory cue (in an individual-
ized manner) to the user’s calf muscles alternatively for the next n steps along with
Visual and Auditory cues. That is when person puts walking stick on the floor, system
gives one vibratory pulse on one leg and after detection of leg placing on first laser
line by US2, system gives vibratory pulse on another leg using Vibratory Belt assem-
bly and that continues until the conditions (5) and (6) are satisfied.

3  Methods

3.1 Participant

We designed a study in which one male PD participant aged 52 years took part.
This participant was recruited from the Civil Hospital, Ahmedabad. He was suffering
from PD for the last 10 years with frequent freezing of gait, and was found to be at
Stage 3 of the Hoehn and Yahr (H&Y) scale [16]. The participant was asked to use a
walking stick integrated with the smart walking aid system while walking.

3.2 Experimental Setup

Our experimental layout was carefully selected to investigate whether our smart
walking aid system was capable to address issues of (i) start hesitation, (ii) hesitation
while walking through narrow pathway and (iii) hesitation while the user needs to
deviate from the straight path. The pathway was 10 m long. The experimental layout
was of three different types, namely, (i) a 3 m wide straight pathway with no narrow
passages and no turns (layout 1), (ii) 3 m wide straight pathway with a narrow passage
of length 0.5 m and width 1 m at a distance of 4.5 meters from the start point (layout
2) and (iii) straight pathway of width 3m with an obstacle at a distance of 4.5 meters
from the start point (layout 3). For layouts 1 and 2, the participant was asked to walk
along the straight pathway without turning. For layout 3, the participant was asked to
deviate from the straight pathway by taking two turns and walk alongside the obstacle
while avoiding it.
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Fig.3 (a) Layout 1 (straight walking path), (b) Layout 2 (walking path with narrow
passage),(c) Layout 3 (walking path requiring one to turn)

The layouts 1, 2 and 3 are shown in Figs. 3(a), (b) and (c). For each layout, there
were three walk conditions, such as, walk with smart walking aid system with (i) only
visual cue (C1), (ii) combination of visual and auditory cues (C2) and (iii) combina-
tion of visual, auditory with vibratory cues (C3). For each condition corresponding to
each layout, we computed three indices such as, (1) number of times of freezing of
gait (Freezing count), (2) average step length and (3) walking speed.

4 Results and Discussion

Our results are discussed below.

4.1 Implication on Freezing Counts

Number of freezing count
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Fig. 3. Implication on Number of freezing counts.

The number of freezing counts reduced from C1 to C2 to C3 with no freezing being
observed with all the three cues applied simultaneously by our Smart Walking Aid
system. Fig.3 shows the number of freezing counts observed in different layouts and
different conditions (C1,C2 and C3) while our participant walked with the smart walk-
ing aid. This possibly infers that vibratory cue delivered in an individualized manner
in conjunction with visual and auditory cues have contributed to complete reduction of
the freezing for this participant irrespective of start hesitation, hesitation for moving
through narrow spaces and turn hesitation.



4.2 Implication on Average Step Length
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Fig. 4. Implication on Average step length

Previous research confirms that person with Parkinson's disease have fundamental
problem in regulating the step length (in meter) during walking, which ultimately
results in reduced average step length [18]. The average step length of the PD partici-
pant has increased for C3 compared to that for C1 and C2 irrespective of the experi-
mental layout (Fig.4).

4.3 Implication on Walking Speed
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Fig. 5. Implication on walking speed

We also found that C3 results in improved walking speed which was better than C1
and C2 irrespective of the study layout (Fig.5).

Thus for all layout, C3 results in reduction in Freezing count, Increase in Step
Length and Walking Speed which shows capability of our proposed walking aid sys-
tem to improve walking pattern of PD Participant.



5 Conclusion

Freezing during walking is one of the most disabling features of individ-
uals with PD [17]. This often gets manifested in terms of reduced average
step length (shuffling of steps) along with reduced walking speed. Reduc-
tion in freezing counts during walking can improve the gait performance
of the individual. In turn, this can lead to increased step length and walk-
ing speed. In our present study, we have designed a smart walking aid
system that can be connected as an add-on module onto an ordinary walk-
ing stick. The system can predict possibility of freezing in one’s gait pat-
tern by sensing the profile of the stick tip of the walking stick held by the
person during walking. Upon detection of possibility of FOG, , the system
can deliver visual, auditory and/or vibratory cues in an individualized
manner. Preliminary results of a study carried out with a participant with
PD showed the potential of the system to contribute to reducing the num-
ber of freezing counts and increasing the average step length and walk
speed.

Though the results of our study are promising, yet the study suffers
from certain limitations. One of the limitations is the small sample size.
The other limitation was restricted study environment. For example, the
study was carried out indoors. Thus, questions such as, the use of red col-
ored laser lines as visual cue and intensity of the audio tone used might
pose restrictions as far as outdoor study environment is concerned.

In future, we plan to have a randomized and controlled study with a
larger number of participants for a longer duration. Also, we plan to use
our system outdoors where we might need to replace red-colored laser
lines with different colored lines, tune the intensity of audio tone to be
audible even in the noisy surroundings, as specified by the user. Also, we
plan to make provision of delivering the audio cue to the user using a
headset.

From the preliminary study carried out with this system, we hope that
the cost-effective, individualized and user-friendly walking aid system can
potentially bring about a paradigm shift in healthcare related to Parkin-
son.
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