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Abstract: Parkinson’s disease (PD) is one of the most
common neurodegenerative diseases in the world which
mainly affects the human’s motor systems. An estimated
number of 7–10 million people worldwide suffer from PD.
In Germany, the number of people affected by PD lies at
about 300,000 and the number rises every year by
approximately 13,000. One of the cardinal symptoms of PD
is the freezing of gait (FoG), which arises/appears in the
late stages of the PD. FoG is defined as an episodic process
with increased restriction of movement or complete
blockage despite the intention ofmoving and, as it can lead
to falls and injuries and reduces the quality of life, is
considered as one of themost disabling symptoms of PD. In
this contribution, we introduce a wearable wireless system
designed for gait monitoring and non-invasive electrical
stimulation (cueing) in case of a FoG episode.
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Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative
condition, which mainly affects the human motor system.
James Parkinsonwas the first one to describe the disease in
1817 under the name shaking palsy or paralysis agitans [12].
Nowadays the Parkinson’s disease is the second most
common neurodegenerative disorder with Alzheimer

taking thefirst place. Themain cause of PD is affiliatedwith
a deficiency of dopamine due to the degeneration of the
dopamine-producing nerve cells in the substantia nigra in
midbrain. PD is characterized mainly by motor-disabling
symptoms like rigidity, bradykinesia, slowness, tremor and
freezing of gait (FoG). In addition other non-motor-
disabling symptoms are observed (e.g. sleep distur-
bances, depression, psychosis, dementia etc.) [1, 5, 14].

In 2016 the number of patients with PD was estimated
to be around 6.1 million worldwide [3]. In addition, the
incidence rate of the disease has shown an increasing
tendency over the years with 22 per 100,000 person-years
for all age groups and up to 529 per 100,000 person-years
in the older population over 65 years [8]. The disease rep-
resents a major burden for modern society. Due to a
gradual and progressive loss of mobility and taking care of
oneself, the quality of life, as well as the social life of pa-
tients, are affected. Additionally, the treatment costs place
a high burden on the health economics [4, 11].

One of the cardinal symptoms of PD is FoG. It is a
representative sensomotoric symptom of PD observed in
the late stages of the disease. It is defined as an episodic
process characterized by a complete blockage or severely
reduced mobility [16]. A typical freezing episode lasts only
a few seconds and rarely extends the 30 s [17]. The occur-
rence of FoG episodes increases the risk of falls. Falls
represent a major implication as it can lead to physical
injuries, fractures, and disabilities. Kalilani et al. [7] esti-
mated that 10.6% of falls can lead to death.

Continuous monitoring of the gait cycle and FoG epi-
sodes, as well as on-demand stimulation, can help the pa-
tient in improving the gait. Monitoring the development of
gait in PD can provide neurologists with information on the
unconstrained environment and physicians on the status of
the disease to improve the treatment. Various studies have
investigated the effect of rhythmic stimulation in PDpatients
and reported that visual and auditory stimuli had a positive
effect [2, 13, 19]. The studies [9, 15, 18] reported positive effect
using electrical cueing on improving the gait of PD patients.

There exist many studies and research in developing
wearables for gait monitoring and detection of FoG events
to stimulate the patient to re-initiate the gait. Tay et al. [20]
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presented a system consisting of three inertial sensors
positioned at both ankle joints and on the neck. They report
the capability of the system in detecting FoG events and
stimulating using acoustic and haptic stimuli. Jovanov
et al. [6] presented a system consisting of a single inertial
sensor and a headphone. The inertial sensor was placed in
the foot and was able to detect FoG events using the
“freezing index” (FI) introduced by Moore et al. [11]. The
detection of FoG episodes triggered acoustic feedback.
Mazilu et al. [10] also developed a sensor system consisting
of inertial sensors attached at both ankle joints and a smart
device. They used a binary classifier for distinguishing
between FoG and non-FoG events. The stimulation on
detection of FoG events was acoustical.

In this article, we present a wearable wireless system
designed for gait monitoring and non-invasive electrical
stimulation in case of a FoG episode.

Method

The proposed sensor-stimulator network is designed to serve as a
technical aid for Parkinson patients (see Figures 1 and 3). The system
consists of two integrated sensors, that can be positioned for example
on the instep at the shoe and the shank in a cuff, a five-channel
electrical stimulator, and a smart device. Each sensor consists of an
inertial measurement unit (IMU) and a biosignal data acquisition
interface for two electromyografie (EMG) channels. The IMUs are used
for gait performancemonitoring and real-time gait phase detection. The
IMUs integrate a 12 bit 3D accelerometer, a 16 bit 3D gyroscope and a
12 bit 3D magnetometer and can record the kinematic measures with a
data rate of up to 200 Hz. Both sensors are based on an ARM
CORTEX-M4 microcontroller, which has enough computing power to
enable the implementation of complex algorithms. Taking advantage of
the calculating power of the usedmicrocontroller, on both sensor nodes
algorithms for real-time gait phase detection, orientation and step

length estimation are running. The outputs of these algorithms and the
EMG data from the leg musculature (dorsi and plantar flexors) can be
further processed and used as features for detecting FoG episodes.

The stimulator is positioned on the hip using a belt clip. Same as
the sensor node, the computing core is represented by an ARM
CORTEX-M4 microcontroller. In addition, a second dedicated micro-
controller is responsible for the stimulation. The stimulator can deliver
on trigger electrical pulses to designated muscles with the aim to
unfreeze the blockade and to reinitialize the gait. One possible stim-
ulation site is the peroneus nerve and the muscle tibialis anterior as
commonlyused in drop foot stimulationwith stroke patients. A special
cuff was designed to host the shank IMU/EMG sensor and to attach the
stimulation and EMG measurement electrodes below the knee at the
shank. The information on the current gait phase delivered from the
sensor nodes enables to synchronize the stimulation with the attempt
to lift the heel for swing phase initiation. In the stimulator, another
IMU is integrated as well as a haptic device for tactile cueing. It allows
for a different kind of stimulation. One possible scenario is the use of
tactile cueing for preventing the occurrence of a FoG event and the use
of electrical stimulation to unfreeze an FoG episode. When the elec-
trical stimulation represents only a sensory stimulation, there exists
no risk of falling as a result of stimulation. A smart device is used for
data visualization, the configuration of network nodes, i.e. regulating
the stimulation intensity, etc., and data logging. For communication
in the context of telemedicine, the smart device can be used as an
interface for cloud services. The logged data during daily activities
could bemade available to physicians. In such away physicians could
track the development of the PD and make corresponding changes to
the patient’s treatment. The communication between the network
nodes is realized via Bluetooth Low Energy (BLE). The topology of the
wireless sensor network depends on the operating mode of the system
(See Figure 2). Two modes are implemented for the network, cueing
and logging. Cueing is realized in the star topologywith the stimulator
as a router. The sensor nodes communicate directly with the

Figure 1: Developed stimulator and inertial measurement unit
(IMU)/EMG sensor. Figure 2: Network topologies.
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stimulator and the stimulator acts as an intermediate between the
smart devices and sensor nodes. This operating mode is characterized
by low data traffic as only gait descriptive features are transmitted for
every gait phase and cycle from the sensor nodes. Raw sensor data can
be optionally stored on SD-cards within the sensors for later PC-based
offline processing. In the case of logging (streaming) mode, a mesh
topology is realized. Raw data are transmitted (streamed) in real-time
to the smart device and/or to the stimulator. The logging takes place
on the smart device. High data traffic characterizes this mode.

Results

The system has been designed, and the software and hard-
ware have been realized. It can detect in real-time with very
high accuracy gait phases exploiting the kinematic mea-
surement of mid-foot and shank. The use of an adaptive
network topology depending on the operating mode of the
systemhelps in achievingminimal latency time. Theaverage
communication latency between the sensor nodes and the
stimulator is 7.5 ms. Adapting the network topology to the
two different operating modes yields a minimal latency in
the cueing mode as well as a high data throughput in the

logging (streaming)mode. Theuse of theBLE standard saves
energy and enables an operating time of over 10 h.

Conclusion

In this article, we introduced a wearable system for gait
monitoring and stimulation. We were able to design an
adaptive wireless sensor network topology. The system is
able to detect the gait phases in real-time and extract fea-
tures from the profile of the gait cycle. The data is delivered
to a smart device and stimulator with minimal latency.
Detecting the gait phase in real-time allows the system to
stimulate at the right moment in order to improve the gait.
The next step is the development of FoG detection and
prediction based on the extracted features and expert
labelled patient data. After that, a clinical study will be
carried out to investigate the effects of the system on FoG in
PD. An extension of the system for up to five sensors is
currently under investigation.
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