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Abstract. In this paper a prototype system is presented for home-halsgsical
tele-therapy using a wearable device for haptic feedbabk. Raptic feedback is
generated as a sequence of vibratory cues from 8 vibratoormetually spaced
along an elastic wearable band. The motors guide the psitieivement as they
perform a prescribed exercise routine in a way that repléeegphysical thera-
pists’ haptic guidance in an unsupervised or remotely sigest home-based ther-
apy session. A pilot study of 25 human subjects was perfotimeidfocused on: a)
testing the capability of the system to guide the users iitrarlp motion paths in
the space and b) comparing the motion of the users duringalyphysical ther-
apy exercises with and without haptic-based guidance. &hdts demonstrate the
efficacy of the proposed system.
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1. Introduction

National statistics from the United States [1] indicatet thareased life expectancy in
recent decades has contributed to the aging of the populg@joThe aging population
as a whole and growth of the very oldest segments within itassociated with the
transition from informal to formal home health care (HHC)idry [2]. In 2007, more
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than 1.4 million men and women received HHC each day and Pdlytsierapy (PT) is
the second commonly used type of HHC service [3].

The aforementioned facts clearly demonstrated the signifie of home health re-
search, especially when it focuses on the enhancement dfatigional types of de-
livery using new technologies from the emerging fields oé-derapy and tele-health.
One of the more challenging issues in tele-health is thed&physical contact between
the patient and the health care provider. Physical consa@duired in many forms of
health care to primarily assist in the physical examinatibthe patient, and secondar-
ily, to facilitate direct communication with the patienthdre are, however, several types
of home-based therapies that do not require physical pcesaithe care provider and
therefore such services could be offered in the form of hbaed tele-care with hap-
tic feedback. The current state-of-the-art in home telgthecombines several telecom-
munication technologies as well as sensing technologreaémitoring the environment
and other medical devices for home use [4]. The use of haptied tele-health tech-
nologies, however, has not been well studied and applied wirite the development of
haptic technologies is still a growing area of research.

Arm sleeves with haptic feedback for patients that haveesedf a stroke and have
lost the ability to perform basic motor functions were preed in [5,6]. A more recent
extension of this project included a prototype compressleave lined with vibration
motors that are controlled using a body tracking methoddaseMicrosoft Kinect sen-
sor. Depth sensor-based body tracking has been used inasttees of rehabilitation [7],
including game-based rehabilitation systems that wersgmted in [8].

In addition, several exoskeletal systems with haptic feellthave been presented
in literature. A robotic exoskeleton driven by brain-cortgninterface for rehabilitation
therapy was presented in [9]. An active vision system, tghotlne combination of Mi-
crosoft’s Kinect infrared 3D depth analysis and an eyekiragsystem, can indicate a
patient’s intention to move the affected limb, and will febad information continuously
into the BCI classifier that generated real-time feedback®fobotic exoskeleton. Sev-
eral other exoskeletal systems for therapy have been pedparsd applied to various
types of rehabilitation [10,11,12,13,14].

This paper presents a prototype system that aims to overdwienitations of the
current HCC PT methods by introducing a new technologieah#work for home-based
physical tele-therapy. More specifically, in the case of HATG one way to increase
overall opportunities for practice and amount of practieoi increase the number of
sessions or times per week that a therapist works with argafiery session of ther-
apy, however, does not require hands-on one-on-one caiiée Wis is needed for some
patients with severe functional deficits, this is often e tase. In fact, most patients
need basic guidance to simply complete a basic exercismeodihe proposed prototype
system aims to overcome the aforementioned limitation ofiB3age by introducing a
novel, cost-effective framework for HHC PT. This framewarkns to enhance the tradi-
tional HHC practices by providing assistive mechanism wilitrack the patients using
the Kinect sensor, and guide them using a wearable hapticalthat generates vibra-
tory cues. In the following sections, a pilot study with 251an subjects is presented
that assesses the efficacy of the proposed haptic intemdotibome-based physical tele-
therapy. The proposed system could potentially allow thista to provide services to
more patients and also a greater number of therapy sessyamnsiriy novel tele-health
technologies with haptic feedback.
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Figure 1. Left: The prototype wearable haptic band with 8 equally sgamotors shown on panel 1 and the
wireless communication unit on panel 2. Right: Diagram efttirajor components of the prototype system.

Figure 2. Test subjects following random vibratory cue-guided tagjdes (left), and guided hip abduction
exercises (right). The overall experimental setup is ateoe, including the virtual training environments.

2. Methods

A prototype system was developed in this project that ctseis 1) a wearable device
for haptic feedback, 2) a marker-less motion sensor fokingcthe body movements
of the users, and 3) a computer with software for triggerimgeial-time vibratory cues
based on the body activity of the user.

The wearable device was in the form of an elastic band withreay af 8 vibration
motors that were equally spaced along the band Fig. 1(t9pTéfe purpose of this band
was to be worn around a limb, for instance around the thigbrder the user to be able to
feel vibratory cues from 8 discrete directions around theliSince each of the motors
corresponds to a different location along the band, itsatdy cue can be directly related
to directional information. For example a vibration on thent of the leg prompts a
forward motion, while a vibration on the back of the leg prasma backward motion,
etc. The vibration motors were controlled wirelessly by akdep computer through a
battery powered Arduino chip with an xBee WiFi receiver eitied to the elastic band.

The user body activity was monitored by a Microsoft Kinechsm (Xbox One
model) through a custom-build software using the Java foreki (J4K) library intro-
duced in [15]. Several exercise routines were programmedl sequence of multiple
steps, each of the prompted by a vibratory cue towards afgpéicection. For example
a typical hip abduction exercise is a sequence of outwardramakd motion of one leg
while standing on the other. It should be noted that thesgrpromed routines are not
time-based sequences but interactive processes. Thensystenitors the motion of the
user, and triggers the next vibratory cue only when the uasrgerformed the previ-
ously prompted motion. In the case of hip abduction a preddfiange of motion (such
as 45degrees) can be used in order to guide the user withitothesponding two ex-
trema of the motion path in this exercise. Similarly, thésadriven exercises could be
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Figure 3. Directional probability of motions triggered by each vitiwa motor (dashed lines indicate the
locations of the motors). The corresponding reconstruststion of the thigh is shown in the middle. An
illustration of a thigh section from H. Gray’s Anatomy of theiman Body (1858) is shown on the right.

performed in a tele-therapy setting. The following sectioesents the results of a pilot
study that was designed to assess the proposed wearahtedyaspem.

3. Experimental Results

In order to test and quantitatively evaluate the proposeatidtdriven physical tele-
therapy system, we performed two sets of experiments thaisfon: a) testing the ca-
pability of the system to guide the users in arbitrary mofiaths in the 3D space and
b) comparing the motion of the users during typical phydieatapy exercises with and
without haptic-based guidance. For the purposes of thd p#er study we recruited
25 healthy volunteers (age range: 19-45, gender: 60% fémdle used the prototype
wearable device and participated in the experiments asfisll The users wore the hap-
tic band around their left thigh as shown in Fig. 2 and stoadihiwithe field of view of
the Microsoft Kinect sensor that was tracking their skedatoreal time (30 fps) using a
25-joint skeletal model. The users also had in front of thesaraputer monitor showing
a mirrored image of them within a virtual training envirormhe

First, the system generated a random sequence of vibraiesytbat were prompt-
ing movementtowards random directions, which correspdtathe location of the trig-
gered motor around the band (i.e. vibration of the front matdicated a forward mo-
tion, vibration of the external side motor indicated an aarsdvmotion, etc.). Each vibra-
tory cue in the random sequence lasted for 1 sec and folloywédskc pause. In order to
enhance the intensity of the vibratory cues, three adjavenbdrs were simultaneously
triggered each time allowing the users to feel the haptidifaek over their regular cloth-
ing. The direction of the user’'s motion after each vibratomg was captured using the
Kinect sensor, and was used to calculate the directionaligtitity of motions triggered
by each motor as a mixture of von Mises distributions as ¥adto

1 N eKcos(xfdi)
P =Y S (1)
) N i; 2mo(K)
wheredi is the user’s motion direction after tit cue { € [1...N]), lo(k) is the modified
Bessel function of § order, and was set to 1. Note thgﬁ" p(x)dx = 1.
Figure 3(left) shows the plots of the calculated probabai{one for each motor).
Under the assumptions that a) the motors are equally spackio)dahe band is wrapped



Table 1. Interaction statistics from the hip abduction experiments

Index Mean | Std. Deviation |
Motion range without hapticg 47.5284 deg. 14.2838 deg.
Motion range with haptics 46.3341 deg. 7.6146 deg.
Response time in seconds| 0.4073 sec. (12.2178 frames) 0.2258 sec. (6.7732 frames)

around a perfectly cylindrical limb, it is expected that thieectional probability of each
motor will have a peak at the location of the motor shown aseddines in Fig. 3(left).
Although this is the case for several motors such as the,fibaick, and inside motor, oth-
ers’ maximum probability appeared shifted. This indicates parts of the user motion
paths deviated from the desired goal, which could be due iowsfactors including
body tracking errors from the Kinect sensor, non cylindrstepe of the thigh, clothing-
related noise and others. Using the estimated peaks fro8(&ff) and assuming equally
spaced motors, the shape of the cross section of the thigtd bewapproximated using
any energy minimization technique Fig.3(center). By obisegy the approximated sec-
tion, it is evident that its elliptical shape resembles thape of a typical thigh as shown
in Fig.3(right). In practice, the process of this experitnauld be used as a calibration
step in order to generate user-specific cues that lead topnecese motion paths.

Furthermore, the test subjects were instructed to perfaprahduction exercises
with and without haptic guidance. A comparison of the cqroesling motion patterns
from a randomly chosen participant is shown in Fig. 4. Bottussces begin with the
standing position followed by 10 repetitions of the exexcBy comparing the two mo-
tion patterns it is evident that without the haptic guidattoe range of motion varies
significantly more. This is also reflected in Table 1, whiclowsh a 47% reduction in
the standard deviation of the range of motion in the case pfidyguidance. This con-
clusively demonstrates that the wearable haptic devigeeldethe subjects to have more
consistent movement pattern during their exercises, whialsignificant factor in phys-
ical therapy as this technique can reduce or eliminate temgfrom the target motion
that the patients may develop over time.

Table 1 also reports the mean (across all subjects) andesthddviation of the range
of motion and the interaction response time. The respomsewtias measured as the time
between the triggering of a vibratory cue (denoted by dadined in Fig. 4) and the
change of direction in user’s leg motion (shown as localext in red circles). Although
the reported average response time is 407.3 millisecohdsgsponse time dropped to
332.7 milliseconds towards the end of the 10 hip abductiatéch corresponds to a
21.43% decrease since the beginning of the exercise.

The results of this pilot study demonstrate that the proggegstem can be used as a
haptic-based guide during physical therapy exercisesiifuture studies, the cues could
be triggered either by a computer or by a remote therapistionae-based tele-therapy
session. Finally, usability studies will be performed gssubjects who have recently
experienced HHC PT sessions as well as therapists in ordes&ss the proposed system
in realistic HHC tele-PT scenarios.
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Figure 4. Comparison of the motion pattern during a hip abduction @gerwithout (left) and with (right)
haptic guidance. The dashed lines indicate the timing aftilny cues and the red circles show local extrema.
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