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In this review article, we summarize systems for gait rehabilitation based on instrumented 

footwear and present a context of their usage in Parkinson’s disease (PD) patients’ 

auditory and haptic rehabilitation. We focus on the needs of PD patients, but since only 

a few systems were made with this purpose, we go through several applications used 

in different scenarios when gait detection and rehabilitation are considered. We present 

developments of the designs, possible improvements, and software challenges and 

requirements. We conclude that in order to build successful systems for PD patients’ 

gait rehabilitation, technological solutions from several studies have to be applied and 

combined with knowledge from auditory and haptic cueing.

Keywords: instrumented footwear, rhythmic rehabilitation, Parkinson’s disease, gait rehabilitation, auditory 

feedback, haptic feedback

1. INTRODUCTION

�e purpose of this review article is to present a context of usage of instrumented footwear in 
Parkinson’s disease (PD) patients’ auditory and haptic rehabilitation. We present developments 
of the design, possible improvements, and so�ware challenges and requirements. We summarize 
existing technological solutions and applications. Literature on rhythmic auditory rehabilitation 
provides design requirements for the hardware and so�ware, which is necessary to build successful 
rehabilitation wireless systems for PD patients with instrumented footwear as a data collector and 
feedback device.

2. A CONTEXT OF INTERACTIVE SHOE USAGE

Interactive shoes with embedded sensors have been used in many di�erent scenarios. Gait analysis 
is the prominent one. Tao et al. (1) reviewed gait analysis challenges and presented a selection of 
wearable sensors, which can be used for gait analysis. In the context of PD, it is necessary to collect 
information about patients’ balance (2), gait cadence, velocity, and stride length (3). Interactive shoes 
give opportunities for collecting data about users’ current state. �is can be followed by notifying 
users or supervising persons (e.g., doctors and physiotherapists). Data gathered by sensors can send 
information to rehabilitation systems when a speci�c problem or need occur and activate cueing 
stimuli in the form of auditory signals or vibrations.
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2.1 Gait Impairments in PD
Gait impairments have received a lot of attention in recent years 
since they are a common cause of disability in people with PD 
(4). Various aspects of gait have been found to be a�ected by PD, 
but they can be in�uenced and improved through rehabilitation 
based on auditory or haptic cueing. �e most common ones are 
freeze of gait (5), balance (6), gait velocity, cadence, stride length 
(3), increased spatio-temporal variability (7), and di�culties 
with gait initiation (8). �ese disturbances are lead to restricted 
mobility, weakened balance, and consequently to increased risk 
of falling (9). Such disturbances have been found to in�uence 
patients’ general quality of life (10).

2.2 Rehabilitation through Auditory 

Stimulation
2.2.1 Metronome-Like Rhythmic Stimulation
It has been shown that following a rhythmic auditory cue helps 
gait performance in patients with PD (11–15). �e PD patients 
are usually provided with an auditory metronome, or markedly 
rhythmic music, and asked to match consecutive footfalls with 
the onset of each beat (16). External rhythms presented by audi-
tory cues may improve gait characteristics (13–15) and can also 
be used to identify de�cits in gait adaptability (17). Spaulding 
et al. (3) in their review pointed that the auditory cueing elicited 
positive changes in gait cadence, velocity, and stride length.

2.2.2 Mutual Entrainment
�e aforementioned way of stimulation lacks the interactivity 
component where the system could adapt to the user. In this 
case, mutual entrainment between system and user happens. 
Miyake (18) proposed the Walk-Mate to implement the mutual 
entrainment for the rehabilitation of PD and hemiplegic patients. 
Baram (19) suggested that gait rehabilitation must be performed 
in a closed-loop system to avoid constant vigilance and need of 
attention strategies to prevent reversion to impaired gait patterns 
caused by repetitive stimuli. Hove et al. (20) reported that ran-
dom, disconnected stride times (low fractal scaling) predicts fall-
ing for PD patients. Fixed rhythmic auditory stimulation lowers 
fractal scaling and requires attention. Gait rehabilitation should 
lead to achieving the more stable and not random stride times 
structure, which can be observed in healthy gait (20). Systems 
based on mutual entrainment principles can emergently respond 
to unpredictable changes in human behavior (21). �e studies 
by Hove et al. (20) and Uchitomi et al. (22) showed that the gait 
�uctuation of the patients gradually returned to a healthy stride 
times �uctuation level in the interactive conditions. �is e�ect 
did not occur in �xed tempo and no-cue conditions.

2.2.3 Improvements through Ecological Stimuli
Rhythmic sounds (metronome-like) only specify step duration of 
gait, with no information relating to spatio-temporal properties 
of walking actions. Rodger et al. (16) recently proposed the use 
of ecological signals as a new approach to auditory rehabilitation. 
Ecological signals, de�ned as those stimuli, which are encountered 
in everyday life, have the potential to convey richer information. 
Listeners, based on footstep sounds, can determine gender and 

mood of the walking person (23). Complex walking sounds, 
such as footsteps on gravel, may convey both temporal (step 
duration) and spatial (step length) properties of gait (16).

2.3 The Advantages of Haptic Stimulation
Little research has focused on foot-based vibrotactile systems. 
�e sensitivity of the sensory system of the feet is su�cient for 
vibrotactile guidance (24). Signals from mechanoreceptors in the 
foot are one of the main sensory sources for gait generation and 
modi�cation (25). It is likely that mechanoreceptive a�erents in 
the sural nerve provide rich information about contact patterns 
between the foot and the environment during stance and locomo-
tion (24). When exposed to audio and haptic stimulation, subjects 
are able to best recognize di�erent materials delivered haptically or 
as a combination of auditory and haptic feedback (26). Both audi-
tory and haptic feedback are represented as temporal variations, 
which can be simulated with similar patterns, at di�erent frequency 
ranges. Since most of the pedestrians wear shoes when walking it 
makes it an excellent platform for mounting actuators (27).

3. THE EXISTING TECHNOLOGIES

�is section presents studies describing foot plantar measurement 
systems and their usage in auditory and haptic rehabilitation and 
focuses on main advantages coming from their possible usage.

3.1 Foot Plantar Measurement Systems
In this subsection, we will mention a few interesting instrumented 
insoles which followed by a review by Abdul Razak et al. (28).

Amjadi et  al. (29) presented a �exible foot pad containing 
force-sensitive resistors arrays for the foot sole distributed force 
detection. Stassi et al. (30) described an easy and cost-e�ective 
approach used to fabricate the conformable insole based on a 
piezoresistive material. It measures both the pressure distribu-
tion under 64 nodes arranged in the main plantar regions and the 
mean plantar pressure during walking activity with a sampling 
frequency of 20  Hz. While developing instrumented insoles, 
Tamm et al. (31) focused mostly on accuracy, long-term stability 
and reproducibility, and time resolution. �ey proposed a thin, 
light weight self-contained platform for mobile wireless pressure 
sensing insole system with 24 separated points of measurement 
on the foot. Suresh et al. (32) demonstrated a proof-of-concept of 
a new high-resolution plantar pressure monitoring pad based on 
�ber Bragg grating (FBG) sensors. Motha et al. (33) introduced 
a unique approach to measure applied pressure. �e change in 
capacitance is entirely led by variation of relative permittivity of 
the surrounding dielectric medium with applied pressure. Tan 
et  al. (34) presented another low-cost design for plantar pres-
sure measurements. �ey proposed a system based on carbon-
embedded piezoresistive material sandwiched between two layers 
of electrodes to form a pressure sensing insole.

3.2 Foot Plantar Measurement Systems 

with Its Tested Applications
Redd and Bamberg (35) presented a simple system of two force-
resistive sensors per insole, connected to a mobile application that 
delivers feedback. �eir tests showed that the feedback system 
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is capable of in�uencing the gait of the user, without the need 
for direct supervision by a rehabilitation specialist. �e system 
proposed by Santoso and Setyanto (36) consists of a sensing 
unit and a signal processing unit. �e sensing unit is based on 
piezoelectric stress sensor module (two in each insole) and data 
acquisition module both wirelessly connected. �e system is able 
to di�erentiate running from walking in athletes performance. 
Madavi and Giripunje (37) proposed a wearable device for the 
diabetic person of sensory neuropathy. It identi�es the ulcerous 
condition, which may be created in foot plantar surface area. 
Temperature sensors or pressure sensors are used to detect the 
infected area. �e output data can be transmitted wirelessly to the 
hospital system. Grenez et al. (38) described the development of a 
hardware system simulating a shoe, which consists of three pres-
sure sensors, two bending sensors, an accelerometer, an Arduino 
mini, and a Bluetooth module. �e developed prototype is able 
to di�erentiate between healthy gait and imperfect gait. Holleczek 
et al. (39) described the development of textile pressure sensors, 
which are more comfortable in usage than standard ones. �e 
textile pressure sensors were developed using the principle of a 
variable capacitor. �ese sensors were attached to the socks (three 
in each sock at relevant positions under the heel and the ball of 
the foot) of a snowboarder for the monitoring of the in-shoe 
pressure distribution.

3.3 Instrumented Footwear Systems with 

Vibrating Stimulation
Hijmans et al. (40) described a technology, which could be used 
in the future to improve balance in healthy young and older 
people and in patients with a stroke or diabetic neuropathy. �e 
system uses cork insole covered with a leather layer. A C2 elec-
tromechanical actuator and a piezo actuator or the VBW32 skin 
transducer, activated by a custom-made noise generator, were 
chosen to provide tactile stimulation to the feet.

�e goal of the application called Gilded Gait is to simulate 
the perception of a range of di�erent ground textures and serve as 
the navigation in the city (41). �e system contains six vibrations 
panels to present the feedback patterns, push-down switch, and 
an accelerometer to detect user’s steps. �ree di�erent patterns of 
vibrations were designed to simulate di�erent ground textures. 
Recognition of the patterns was possible only if they were asked 
to choose from the list rather than recall a material.

Velázquez et  al. (42) described the development of a tactile 
communication system (16 actuators embed into a shoe insole) 
and a pilot study on recognition of di�erent information (direc-
tion, pattern, emotion recognition, and language learning) 
assigned arbitrary to vibration patterns, which as was shown can 
be easily learnt and understood.

3.4 A System Based on Accelerometer
Walk-Mate (43) is a system mainly used as a gait compensation 
device and as a gait rehabilitation training device by analyzing 
improvements in locomotion before, during, and a�er rehabilita-
tion in hemiparetic patients and comparing it with a previous gait 
training method. Walk-Mate generates a model walking rhythm 
in response to the user’s locomotion in real time, and by indicat-
ing this rhythm using auditory stimuli, provides a technology that 

supports walking by reducing asymmetries and �uctuations in 
foot contact rhythm.

3.5 More Complex Systems
Watanabe and Ando (27) introduced a system called Pace-synch 
shoes. Pressure sensors embedded in a shoe sole served as step 
detectors and provided data for a vibration motor to be activated. 
�e users reported that when the vibration was presented at heel-
strike timing, it was perceived as natural, while the vibrations at the 
other timings caused odd feelings. �ey also reported that, when 
they walked matching their step cycles to the vibration at the heel-
strike timing, their way of walking did not subjectively change. As 
the authors claimed, their method would be applicable for training 
and coaching in sports and for rehabilitation in health care.

�e system described in Zanotto et al. (6) allows for synthesiz-
ing continuous audio-tactile feedback in real time, based on the 
readings of piezoresistive and inertial sensors embedded in the 
footwear. �e system contains 4 piezoresistive sensors, a 9-degree-
of-freedom inertial measurement unit, and �ve actuators in each 
shoe. All information is stored and processed in the belt unit. �e 
results of this preliminary experiment indicated that ecological 
underfoot feedback may alter the natural gait pattern of healthy 
subjects.

�e prototype proposed by Tajadura-Jiménez et al. (44) allows 
for the dynamic modi�cation of footstep sounds, as people walk, 
and measures changes in walking behavior. �is sandals-based 
system captures sounds of a person’s footsteps via a microphone 
attached to the sandals. Two force-sensitive resistors are attached 
to the front and the rear part of the sandal insole that detect the 
exerted force by feet against the ground as well. A triple axis accel-
erometer was attached to the walker’s le� ankle. Augmenting the 
high frequencies of the sound leads to the perception of having 
a thinner body and enhances the motivation for physical activity 
inducing a more dynamic swing and a shorter heel strike.

3.6 Existing Application for PD Patients
�e work presented by Winfree et al. (45) is one of the most inter-
esting studies in the context of this review. �ese authors described 
a prototype of a shoe-based system, which contains FSR sensors 
and an actuator, which are activated in the certain situations. �e 
system was used in a short intervention study with PD patients. 
�e most crucial aspects of the system are its portability, wireless 
communication, low-cost development, adjustable automatic 
so�ware, ease of learning, and presentation of appropriate audio 
and haptic signals. �e core of the system operates in a way that 
if only the ball or toe of the foot is in contact with the ground, 
the toe actuator vibrates. When both the heel and ball or toe are 
concurrently in contact, both tactors vibrate. �is condition is 
met during stance phase of ambulation. �e Berg Balance Scale 
(46), Timed Up and Go (47) performance tests, and the FOG 
questionnaire (48) were used to obtain measurement data dur-
ing pre-and post-treatment. It was shown that this stimulation 
provoked signi�cant changes to all measures except time on toe 
sensor and step duration.

Bächlin et al. (49) aimed to develop a system, which overcomes 
the limitations of previous systems, such as the continuous nature 
of the cueing intervention, manually triggered cueing or provided 
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only during training sessions, but not provided at the time of 
episodic gait disturbances. �e challenge set by these authors is 
to detect freeze of gait episode and apply automatically interactive 
rhythmic auditory stimulation to overcome the problem. �is 
system consists of a wearable computer, a set of acceleration sen-
sors and headphones. �e study was the �rst one in which FOG 
is automatically detected, and the results are very promising. 
�e system detected FOG with high sensitivity and also received 
acceptance from the users.

4. EMERGING GUIDELINES FOR 

INTERACTIVE SHOES DESIGN FOR PD 

AND DISCUSSION

Identifying non-invasive treatments to alleviate the symptoms 
of PD is important to improving PD patients’ life quality (45). 
Several studies exploring rhythmic auditory stimulation (RAS) 
and its modi�ed interactive versions in PD rehabilitation showed 
improvements in gait cadence, stride length, and gait velocity 
(3). It is promising to use all above mentioned knowledge and 
technology to build an instrumented footwear system for the 
PD rehabilitation based on data collected from the instrumented 
footwear and feedback presentation through auditory and tactile 
channels. �is kind of a system gives a lot of opportunities for a 
remote communication between a patient and a doctor or thera-
pist. System interactivity allows for not only presenting feedback 
but also giving cues for patients based on their performance. �e 
system could detect the events such as FOG, loss of balance and 
impaired gait patterns and subsequently present cues to correct it 
and help patients overcome these issues.

4.1 Hardware
Our literature review shows that from the hardware perspective 
pressure sensors, actuators and accelerometer need to be embed-
ded into the instrumented footwear system. Pressure sensors will 
allow for step detection, and for monitoring balance, and pressure 
applied to selected parts of the feet. Important is the choice of 
the pressure sensors with adequate accuracy and durability. �e 
aforementioned studies exhibit that it is possible to use a wide 
variety of pressure sensors and materials from which they are 
made. Moreover, they present high diversity in the number of 
data collecting points, ranging from 2 (35) to 75 (34). It is pos-
sible to �nd low-cost solutions in both categories. However, the 
number of the sensors embedded in a shoe sole depends on the 
available calculating power of each system. �ese data can be eas-
ily used as a basis for calculating velocity, stride length, cadence, 
and temporal variability.

�e actuators present haptic feedback or cues to the users. 
Haptic feedback has three main advantages: it can be hidden in 
the shoe, can motivate users to perform a step by detecting FOG 
or gait initiation, and can increase the perceived naturalness of 
the auditory stimuli, which can serve as a higher motivation 
for rehabilitation. �ere are no su�cient studies to indicate the 
best placement of actuators in a shoe sole; based on the study 
by Watanabe and Ando (27), we believe that a heel is the best 

potential candidate to be stimulated by an actuator. Although 
Kennedy and Inglis (50) indicated that the ball and the arch are 
the most sensitive areas to vibrotactile stimulation.

�e placement of an accelerometer is quite optional, but it 
should be hidden in the shoe and well protected from the dis-
placement. Accelerometers collect data about feet acceleration 
in three-dimensional space. �ey give more precise information 
about feet movement than FSR sensors, and they are crucial in 
detecting balance problems. An accelerometer was successfully 
used for FOG detection in Bächlin et al. (49).

4.2 Software/Application
Few studies consider the use of ecological signals, despite their 
richness of information and acceptance from the users’ perspec-
tive. Bächlin et al. (49) demonstrated the need for a context-aware 
system. �e ideal system should be adaptive to the participant’s 
speed (19, 20) and able to present cueing signals constantly or in 
ad hoc manner (49). �e overall goal is to design a system, which 
patients would like to wear everyday and feel comfortable with 
it. For example, auditory cueing should be used by patients only 
during short sessions every day. �e haptic stimulation could 
serve constantly, especially when a person would like to go out of 
their home. According to the patients’ needs, it should be able to 
choose constant or ad hoc stimulation by choosing program on 
the main computer unit. Each system should be personalized and 
be programed for speci�c needs such as FOG, loss of balance, or 
slowed pace, to be mentioned among others.

5. SUMMARY

In this review, we summarized systems for gait rehabilitation 
based on instrumented footwear. We focused on the need of 
PD patients, but since only a few systems where made with 
this purpose, we went through several applications used in 
di�erent scenarios when gait detection and rehabilitation is 
considered. Future designs could bene�t from this knowledge. 
We outlined the hardware and so�ware needs to run rehabilita-
tion with the use of haptic and auditory cueing and feedback. 
�ere is still work to be done, but since technology for foot 
plantar measurement and feedback presentation is developing 
very fast, we should focus on speci�c applications and build 
customized systems for everyday use. �e future trends out-
lined as well by Bächlin et al. (49) are: (1) miniaturization of 
the system and the main operating unit, which could be a part 
of the patients everyday clothing and hidden to make user feel 
comfortable; (2) speci�c calibration and customization of the 
rehabilitation programs based on patient-speci�c problems; 
(3) possibility of outdoor usage, so patients will be more secure 
and independent.

AUTHOR CONTRIBUTIONS

JM is the most responsible person for this article. Since the type 
of article is mini review, she was responsible for literature search 
and selection and writing part. Both LK and SS were consulted at 
each step of article preparation, writing and corrections.

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


January 2016 | Volume 7 | Article 15

Maculewicz et al. A Review of the Instrumented Footwear for Gait Rehabilitation

Frontiers in Neurology | www.frontiersin.org

REFERENCES

1. Tao W, Liu T, Zheng R, Feng H. Gait analysis using wearable sensors. Sensors 

(2012) 12(2):2255–83. doi:10.3390/s120202255 

2. Amano S, Nocera JR, Vallabhajosula S, Juncos JL, Gregor RJ, Waddell DE, et al. 

�e e�ect of tai chi exercise on gait initiation and gait performance in persons 

with Parkinson’s disease. Parkinsonism Relat Disord (2013) 19(11):955–60. 

doi:10.1016/j.parkreldis.2013.06.007 

3. Spaulding SJ, Barber B, Colby M, Cormack B, Mick T, Jenkins ME. Cueing and 

gait improvement among people with Parkinson’s disease: a meta-analysis. 

Arch Phys Med Rehabil (2013) 94(3):562–70. doi:10.1016/j.apmr.2012.10.026 

4. Picelli A, Camin M, Tinazzi M, Vangelista A, Cosentino A, Fiaschi A, et al. 

�ree-dimensional motion analysis of the e�ects of auditory cueing on gait 

pattern in patients with Parkinson’s disease: a preliminary investigation. 

Neurol Sci (2010) 31(4):423–30. doi:10.1007/s10072-010-0228-2 

5. Shine J, Naismith S, Lewis S. �e pathophysiological mechanisms underlying 

freezing of gait in Parkinson’s disease. J Clin Neurosci (2011) 18(9):1154–7. 

doi:10.1016/j.jocn.2011.02.007 

6. Zanotto D, Turchet L, Boggs EM, Agrawal SK. Solesound: towards a novel 

portable system for audio-tactile underfoot feedback. 2014 5th IEEE RAS & 

EMBS International Conference on Biomedical Robotics and Biomechatronics. 

São Paulo: IEEE (2014). p. 193–8. doi:10.1109/BIOROB.2014.6913775

7. Dibble LE, Nicholson DE, Shultz B, MacWilliams BA, Marcus RL, Moncur 

C. Sensory cueing e�ects on maximal speed gait initiation in persons with 

Parkinson’s disease and healthy elders. Gait Posture (2004) 19(3):215–25. 

doi:10.1016/S0966-6362(03)00065-1 

8. Roemmich RT, Nocera JR, Vallabhajosula S, Amano S, Naugle KM, 

Stegemöller EL, et  al. Spatiotemporal variability during gait initiation 

in Parkinson’s disease. Gait Posture (2012) 36(3):340–3. doi:10.1016/j.

gaitpost.2012.01.018 

9. Hausdor� JM, Rios DA, Edelberg HK. Gait variability and fall risk in com-

munity-living older adults: a 1-year prospective study. Arch Phys Med Rehabil 

(2001) 82(8):1050–6. doi:10.1053/apmr.2001.24893 

10. Bloem BR, Hausdor� JM, Visser JE, Giladi N. Falls and freezing of gait in 

Parkinson’s disease: a review of two interconnected, episodic phenomena. Mov 

Disord (2004) 19(8):871–84. doi:10.1002/mds.20115 

11. �aut MH, Abiru M. Rhythmic auditory stimulation in rehabilitation of 

movement disorders: a review of current research. Music Percept (2010) 

27(4):263–9. doi:10.1525/mp.2010.27.4.263 

12. McIntosh GC, Brown SH, Rice RR, �aut MH. Rhythmic auditory-motor 

facilitation of gait patterns in patients with Parkinson’s disease. J Neurol 

Neurosurg Psychiat (1997) 62(1):22–6. doi:10.1136/jnnp.62.1.22 

13. Suteerawattananon M, Morris G, Etnyre B, Jankovic J, Protas E. E�ects of 

visual and auditory cues on gait in individuals with Parkinson’s disease. J 

Neurol Sci (2004) 219(1):63–9. doi:10.1016/j.jns.2003.12.007 

14. Roerdink M, Lamoth CJ, Kwakkel G, Van Wieringen PC, Beek PJ. Gait coordi-

nation a�er stroke: bene�ts of acoustically paced treadmill walking. Phys �er 

(2007) 87(8):1009–22. doi:10.2522/ptj.20050394 

15. �aut M, Leins A, Rice R, Argstatter H, Kenyon G, McIntosh G, et al. Rhythmic 

auditory stimulation improves gait more than ndt/bobath training in near- 

ambulatory patients early poststroke: a single-blind, randomized trial. 

Neurorehabil Neural Repair (2007) 21(5):455–9. doi:10.1177/1545968307300523 

16. Rodger MW, Young WR, Craig CM. Synthesis of walking sounds for allevi-

ating gait disturbances in Parkinson’s disease. IEEE Trans Neural Syst Rehabil 

Eng (2014) 22(3):543–8. doi:10.1109/TNSRE.2013.2285410 

17. Bank PJ, Roerdink M, Peper C. Comparing the e�cacy of metronome beeps 

and stepping stones to adjust gait: steps to follow! Exp Brain Res (2011) 

209(2):159–69. doi:10.1007/s00221-010-2531-9 

18. Miyake Y. Interpersonal synchronization of body motion and the walk-mate 

walking support robot. IEEE Trans Robot (2009) 25(3):638–44. doi:10.1109/

TRO.2009.2020350 

19. Baram Y. Virtual sensory feedback for gait improvement in neurological 

patients. Front Neurol (2013) 4:138. doi:10.3389/fneur.2013.00138 

20. Hove MJ, Suzuki K, Uchitomi H, Orimo S, Miyake Y. Interactive rhythmic 

auditory stimulation reinstates natural 1/f timing in gait of Parkinson’s 

patients. PLoS One (2012) 7(3):e32600. doi:10.1371/journal.pone.0032600 

21. Miyake Y, Shimizu H. Mutual entrainment based human-robot communi-

cation �eld-paradigm shi� from human interface to communication �eld. 

3rd IEEE International Workshop on Robot and Human Communication, 

1994. RO-MAN’94 Nagoya, Proceedings. Nagoya: IEEE (1994). p. 118–23. 

doi:10.1109/ROMAN.1994.365945

22. Uchitomi H, Ota L, Ogawa K-I, Orimo S, Miyake Y. Interactive rhythmic cue 

facilitates gait relearning in patients with Parkinson’s disease. PLoS One (2013) 

8(9):e72176. doi:10.1371/journal.pone.0072176 

23. Li X, Logan RJ, Pastore RE. Perception of acoustic source characteristics: 

walking sounds. J Acoust Soc Am (1991) 90(6):3036–49. doi:10.1121/1.401778 

24. Trulsson M. Mechanoreceptive a�erents in the human sural nerve. Exp Brain 

Res (2001) 137(1):111–6. doi:10.1007/s002210000649 

25. Pearson KG. Proprioceptive regulation of locomotion. Curr Opin Neurobiol 

(1995) 5(6):786–91. doi:10.1016/0959-4388(95)80107-3 

26. Giordano BL, Visell Y, Yao H-Y, Hayward V, Cooperstock JR, McAdams S. 

Identi�cation of walked-upon materials in auditory, kinesthetic, haptic, 

and audio-haptic conditionsa. J Acoust Soc Am (2012) 131(5):4002–12. 

doi:10.1121/1.3699205 

27. Watanabe J, Ando H. Pace-sync shoes: intuitive walking-pace guidance 

based on cyclic vibro-tactile stimulation for the foot. Virtual Real (2010) 

14(3):213–9. doi:10.1007/s10055-009-0137-y 

28. Abdul Razak AH, Zayegh A, Begg RK, Wahab Y. Foot plantar pressure 

measurement system: a review. Sensors (2012) 12(7):9884–912. doi:10.3390/

s120709884 

29. Amjadi M, Kim MS, Park I. Flexible and sensitive foot pad for sole 

distributed force detection. 2014 IEEE 14th International Conference on 

Nanotechnology (IEEE-NANO). Toronto: IEEE (2014). p. 764–7. doi:10.1109/

NANO.2014.6968034

30. Stassi S, Canavese G, Cauda V, Fallauto C, Corbellini S, Motto P, et  al. 

Wearable and �exible pedobarographic insole for continuous pressure mon-

itoring. 2013 IEEE SENSORS. Baltimore: IEEE (2013). p. 1–4. doi:10.1109/

ICSENS.2013.6688460

31. Tamm T, Pärlin K, Tiimus T, Leemets K, Terasmaa T, Must I. Smart 

insole sensors for sports and rehabilitation. SPIE Smart Structures 

and Materials+ Nondestructive Evaluation and Health Monitoring. San 

Diego: International Society for Optics and Photonics (2014). p. 90600L. 

doi:10.1117/12.2045062

32. Suresh R, Bhalla S, Hao J, Singh C. Development of a high resolution plantar 

pressure monitoring pad based on �ber bragg grating (�g) sensors. Technol 

Health Care (2015) 23(6):785–94. doi:10.3233/THC-151038 

33. Motha L, Kim J, Kim WS. Instrumented rubber insole for plantar pressure 

sensing. Organic Electron (2015) 23:82–6. doi:10.1016/j.orgel.2015.04.020 

34. Tan AM, Fuss FK, Weizman Y, Woudstra Y, Troynikov O. Design of low cost 

smart insole for real time measurement of plantar pressure. Procedia Technol 

(2015) 20:117–22. doi:10.1016/j.protcy.2015.07.020 

35. Redd CB, Bamberg SJM. A wireless sensory feedback device for real-time gait 

feedback and training. IEEE/ASME Trans Mechatron (2012) 17(3):425–33. 

doi:10.1109/TMECH.2012.2189014 

36. Santoso DR, Setyanto TA. Development of precession instrumentation system 

for di�erentiate walking from running in race walking by using piezoelectric 

sensor. Sens Transducers (2013) 155(8): 120–7. 

37. Madavi M, Giripunje S. A wearable device for foot for diabetic neuropathy. Int 

J Emerg Trends Eng Technol (2015) 3(2):11–7. 

38. Grenez F, Villarejo MV, Zapirain BG, Zorrilla AM. Wireless prototype based 

on pressure and bending sensors for measuring gate quality. Sensors (2013) 

13(8):9679–703. doi:10.3390/s130809679 

39. Holleczek T, Rüegg A, Harms H, Tröster G. Textile pressure sensors for sports 

applications. Sensors, 2010 IEEE. Kona: IEEE (2010). p. 732–7. doi:10.1109/

ICSENS.2010.5690041

40. Hijmans JM, Geertzen JH, Schokker B, Postema K. Development of 

vibrating insoles. Int J Rehabil Res (2007) 30(4):343–5. doi:10.1097/

MRR.0b013e3282f14469 

41. Takeuchi Y. Gilded gait: reshaping the urban experience with augmented 

footsteps. Proceedings of the 23nd Annual ACM Symposium on User 

Interface So�ware and Technology. New York: ACM (2010). p. 185–8. 

doi:10.1145/1866029.1866061

42. Velázquez R, Bazán O, Alonso C, Delgado-Ma C. Vibrating insoles for 

tactile communication with the feet. 2011 15th International Conference on 

Advanced Robotics (ICAR). Tallinn: IEEE (2011). p. 118–23. doi:10.1109/

ICAR.2011.6088551

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.3390/s120202255
http://dx.doi.org/10.1016/j.parkreldis.2013.06.007
http://dx.doi.org/10.1016/j.apmr.2012.10.026
http://dx.doi.org/10.1007/s10072-010-0228-2
http://dx.doi.org/10.1016/j.jocn.2011.02.007
http://dx.doi.org/10.1109/BIOROB.2014.6913775
http://dx.doi.org/10.1016/S0966-6362(03)00065-1
http://dx.doi.org/10.1016/j.gaitpost.2012.01.018
http://dx.doi.org/10.1016/j.gaitpost.2012.01.018
http://dx.doi.org/10.1053/apmr.2001.24893
http://dx.doi.org/10.1002/mds.20115
http://dx.doi.org/10.1525/mp.2010.27.4.263
http://dx.doi.org/10.1136/jnnp.62.1.22
http://dx.doi.org/10.1016/j.jns.2003.12.007
http://dx.doi.org/10.2522/ptj.20050394
http://dx.doi.org/10.1177/1545968307300523
http://dx.doi.org/10.1109/TNSRE.2013.2285410
http://dx.doi.org/10.1007/s00221-010-2531-9
http://dx.doi.org/10.1109/TRO.2009.2020350
http://dx.doi.org/10.1109/TRO.2009.2020350
http://dx.doi.org/10.3389/fneur.2013.00138
http://dx.doi.org/10.1371/journal.pone.0032600
http://dx.doi.org/10.1109/ROMAN.1994.365945
http://dx.doi.org/10.1371/journal.pone.0072176
http://dx.doi.org/10.1121/1.401778
http://dx.doi.org/10.1007/s002210000649
http://dx.doi.org/10.1016/0959-4388(95)80107-3
http://dx.doi.org/10.1121/1.3699205
http://dx.doi.org/10.1007/s10055-009-0137-y
http://dx.doi.org/10.3390/s120709884
http://dx.doi.org/10.3390/s120709884
http://dx.doi.org/10.1109/NANO.2014.6968034
http://dx.doi.org/10.1109/NANO.2014.6968034
http://dx.doi.org/10.1109/ICSENS.2013.6688460
http://dx.doi.org/10.1109/ICSENS.2013.6688460
http://dx.doi.org/10.1117/12.2045062
http://dx.doi.org/10.3233/THC-151038
http://dx.doi.org/10.1016/j.orgel.2015.04.020
http://dx.doi.org/10.1016/j.protcy.2015.07.020
http://dx.doi.org/10.1109/TMECH.2012.2189014
http://dx.doi.org/10.3390/s130809679
http://dx.doi.org/10.1109/ICSENS.2010.5690041
http://dx.doi.org/10.1109/ICSENS.2010.5690041
http://dx.doi.org/10.1097/MRR.0b013e3282f14469
http://dx.doi.org/10.1097/MRR.0b013e3282f14469
http://dx.doi.org/10.1145/1866029.1866061
http://dx.doi.org/10.1109/ICAR.2011.6088551
http://dx.doi.org/10.1109/ICAR.2011.6088551


January 2016 | Volume 7 | Article 16

Maculewicz et al. A Review of the Instrumented Footwear for Gait Rehabilitation

Frontiers in Neurology | www.frontiersin.org

43. Muto T, Herzberger B, Hermsdoerfer J, Miyake Y, Poeppel E. Interactive cue-

ing with walk-mate for hemiparetic stroke rehabilitation. J Neuroeng Rehabil 

(2012) 9(1):58. doi:10.1186/1743-0003-9-58 

44. Tajadura-Jiménez A, Basia M, Deroy O, Fairhurst M, Marquardt N, Bianchi-

Berthouze N. As light as your footsteps: altering walking sounds to change 

perceived body weight, emotional state and gait. Proceedings of the 33rd 

Annual ACM Conference on Human Factors in Computing Systems. Seoul: 

ACM (2015). p. 2943–52. doi:10.1145/2702123.2702374

45. Winfree KN, Pretzer-Abo� I, Hilgart D, Aggarwal R, Behari M, Agrawal 

SK. �e e�ect of step-synchronized vibration on patients with Parkinson’s 

disease: case studies on subjects with freezing of gait or an implanted deep 

brain stimulator. IEEE Trans Neural Syst Rehabil Eng (2013) 21(5):806–11. 

doi:10.1109/TNSRE.2013.2250308 

46. Berg KO, Wood-Dauphinee SL, Williams JI, Maki B. Measuring balance 

in the elderly: validation of an instrument. Can J Public Health (1991) 

83:S7–11. 

47. Podsiadlo D, Richardson S. �e timed up & go: a test of basic functional 

mobility for frail elderly persons. J Am Geriatr Soc (1991) 39(2):142–8. doi:10

.1111/j.1532-5415.1991.tb01616.x 

48. Giladi N, Treves T, Simon E, Shabtai H, Orlov Y, Kandinov B, et al. Freezing 

of gait in patients with advanced Parkinson’s disease. J Neural Transm (2001) 

108(1):53–61. doi:10.1007/s007020170096 

49. Bächlin M, Plotnik M, Roggen D, Giladi N, Hausdor� JM, Tröster G. A 

wearable system to assist walking of Parkinson’s disease patients. Methods Inf 

Med (2010) 49:88–95. doi:10.3414/ME09-02-0003 

50. Kennedy PM, Inglis JT. Distribution and behaviour of glabrous cutaneous 

receptors in the human foot sole. J Physiol (2002) 538(3):995–1002. 

doi:10.1113/jphysiol.2001.013087 

Con�ict of Interest Statement: �e authors declare that the research was con-

ducted in the absence of any commercial or �nancial relationships that could be 

construed as a potential con�ict of interest.

Copyright © 2016 Maculewicz, Kofoed and Sera�n. �is is an open-access article 

distributed under the terms of the Creative Commons Attribution License (CC BY). 

�e use, distribution or reproduction in other forums is permitted, provided the 

original author(s) or licensor are credited and that the original publication in this 

journal is cited, in accordance with accepted academic practice. No use, distribution 

or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1186/1743-0003-9-58
http://dx.doi.org/10.1145/2702123.2702374
http://dx.doi.org/10.1109/TNSRE.2013.2250308
http://dx.doi.org/10.1111/j.1532-5415.1991.tb01616.x
http://dx.doi.org/10.1111/j.1532-5415.1991.tb01616.x
http://dx.doi.org/10.1007/s007020170096
http://dx.doi.org/10.3414/ME09-02-0003
http://dx.doi.org/10.1113/jphysiol.2001.013087
http://creativecommons.org/licenses/by/4.0/

	A Technological Review of the Instrumented Footwear for Rehabilitation with a Focus on Parkinson’s Disease Patients
	1. Introduction
	2. A Context of Interactive Shoe Usage
	2.1 Gait Impairments in PD
	2.2 Rehabilitation through Auditory Stimulation
	2.2.1 Metronome-Like Rhythmic Stimulation
	2.2.2 Mutual Entrainment
	2.2.3 Improvements through Ecological Stimuli

	2.3 The Advantages of Haptic Stimulation

	3. The Existing Technologies
	3.1 Foot Plantar Measurement Systems
	3.2 Foot Plantar Measurement Systems with Its Tested Applications
	3.3 Instrumented Footwear Systems with Vibrating Stimulation
	3.4 A System Based on Accelerometer
	3.5 More Complex Systems
	3.6 Existing Application for PD Patients

	4. Emerging Guidelines for Interactive Shoes Design for Pd and Discussion
	4.1 Hardware
	4.2 Software/Application

	5. Summary
	Author Contributions
	References


