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Purpose—The concept of a vibrating wristband to improve dexterous hand function of stroke
survivors was recently proposed with clinical results and is referred to as “TheraBracelet” in this
paper. The purpose of this study was to demonstrate feasibility of a portable, wearable
TheraBracelet, and to apply usability evaluation techniques to assess potential demands of
TheraBracelet and to identify critical improvement needs of the prototype.
Method—A prototype was developed with a vibrating element housed in an elastic wristband and
connected to a wearable electronics box via a cable. Expectation for TheraBracelet and evaluation
of the prototype were obtained from ten chronic stroke survivors using surveys before and after
using the prototype and House of Quality analysis.
Results—The survey for expectation showed stroke survivors’ willingness to try out
TheraBracelet at a low cost. The survey evaluating the prototype showed that the current prototype
was overall satisfactory with a mean rating of 3.7 out of 5. The House of Quality analysis revealed
that the priority improvement needs for the prototype are to improve clinical knowledge on longterm effectiveness, reduce cost, ease donning/doffing, and waterproof.
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Conclusions—This study presents a potential for a low-cost wearable hand orthotic likable by
stroke survivors.
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1. Introduction
This study developed a prototype of and evaluated usability of a wearable sensorimotor
orthotic ‘TheraBracelet’. TheraBracelet represents application of imperceptible vibration to
the wrist to help improve dexterous hand function for people with impaired hand function
such as stroke survivors [1]. As with all medical devices, it is crucial to assess potential
users’ enthusiasm and evaluation for using TheraBracelet as a hand orthotic.
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The target population of this study was stroke survivors. Stroke is a leading cause of longterm disability [2] affecting more than 6 million Americans [3]. Physical disability due to
stroke is particularly severe in the hand [4–8], leading to diminished vocational and self-care
abilities [9, 10], affecting quality of life. Due to the importance of hand function in daily
living, therapeutic devices for the hand exist such as Ness H200 (Bioness Inc., Valencia,
CA) which is an arm orthosis applying electricity to forearm muscles to facilitate hand
opening and closing [11] and SaeboFlex® (Saebo Inc., Charlotte, NC) which is a glove that
mechanically opens the fingers to help stroke survivors release objects [12].

Author Manuscript
Author Manuscript

Similarly, TheraBracelet is to facilitate dexterous hand function for stroke survivors:
application of imperceptible vibration to the wrist has been shown to improve hand function,
as evidenced by the improved Nine Hole Peg Test score, Box and Block Test score, and
pinch strength in chronic stroke survivors [1]. Imperceptible vibration to the wrist or dorsum
of the hand also resulted in improved touch sensation of the thumb and index fingertip pads
in chronic stroke survivors [13]. In healthy adults, imperceptible vibration applied to the
wrist or palm improved fingertip touch sensation [14, 15] and facilitated reaction time to
tactile stimuli on the hand [16]. Application of vibration whose intensity was at or below the
perceptible level at the side of the fingertip resulted in improved finger tactile sensation and
hand motor function in healthy adults [17]. Such improvement in tactile sensation and hand
dexterity with vibration has been linked to stochastic resonance [1, 13, 14, 16, 17] in which
low-level noise improves signal detection whereas high-level noise degrades signal detection
by masking the original signal [18]. Compared to direct application of vibration at the
fingertips [19], the possibility of applying vibration remotely from the fingertips, such as the
wrist, allows less interference with finger motions and object manipulation and facilitates
hand dexterity.
Based on these findings, it follows that a simple vibrating wristband could be created or
vibrating function can be added to a watch or other wristband devices to facilitate hand
dexterity among stroke survivors. Despite the potential of a wearable orthotic to enhance
hand function, such an orthotic would not make an impact unless it is accepted and liked by
users. Many assistive devices in the market are never picked up by targeted users or
abandoned by users due to usability issues [20]. The common usability issues for upper-limb
prostheses and orthoses include the devices being restrictive, inconvenient, frustrating,
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uncomfortable, not durable, and mechanically failing [21–24]. The majority of these issues
could have been resolved and an assistive device would have been successful if the device
were designed based on understanding targeted users’ needs and feedback through usability
evaluation [25]. Product-driven manufacturing, where manufacturers introduced products
into market without feedback from end-users in the development phase, is becoming
obsolete [20]. For a market-oriented approach, user satisfaction is prerequisite for product
development. Therefore, to meet user expectations and needs, a user-focused approach is
necessary in product design.
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The objectives of this study were to develop a prototype of TheraBracelet and evaluate the
usability of the prototype. Stroke survivors’ expectation on such a hand orthotic and
satisfaction with the prototype were assessed in surveys. In addition, House of Quality
analysis was used to determine priority technical improvement needs of the current
prototype. House of Quality is a widely used and recognized method to capture the ‘voice of
users’ in product design from the conceptual stage [26–28]. House of Quality translates user
expectations into technical requirements thereby identifying priority technical development/
improvement needs to efficiently satisfy user needs.

2. Methods
2.1 TheraBracelet prototype
The prototype is shown in Figure 1A. A user wears a wristband with a vibrating element so
that the wrist skin receives vibration. The vibrator vibrates according to the electric signal
received from the controller unit that can be worn at the waist belt.
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The device architecture is shown in Figure 1B–C. A piezoelectric vibrator (AT-1803-TLW50-R, PUI Audio Inc, Dayton, OH) was used for its advantages of being thin and nonmagnetic [14] over solenoid vibrators. The vibrator was embedded in a conventional athletic
wristband. To ensure electrical insulation against the user’s skin, bare wires and solder joints
were coated with nonconductive silicone sealant.
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The controller unit (Figure 1B) contains five modules: mini-USB disk, micro-controller,
control panel, power amplifier, and power supply unit. The mini-USB disk (SanDisk Cruzer
Fit 8GB USB 2.0 Low-Profile Flash Drive SDCZ33-008G-B35) stores source signals as
MP3 files to drive the vibrator. According to previous studies [1, 13, 16], white-noise lowpass filtered at 500 Hz was used as the source signal. The micro-controller (BU94603KVE2, ROHM Semiconductor, Kyoto, Japan) reads the digital MP3 file in the mini-USB disk
and converts them to an analog signal, as required by the power amplifier. This analog signal
amplitude is adjusted by the input from the control panel by a user.
The power amplifier with integrated 3.3 to 105 V boost converter (DRV8662, Texas
Instruments, Dallas, TX) amplifies this analog signal by a factor of 50 and produces a higher
peak-to-peak voltage output. The power supply consists of a 3.7 V AA rechargeable battery,
two DC-DC converters (TPS60150 5V/140mA Charge Pump DC-DC converter, Texas
Instruments, Dallas, TX, to convert 3.7 V battery voltage to 5 V to feed the micro-controller,
and SC630A 1 MHz Fixed 3.3 V Output Charge Pump Regulator, SEMTECH, to convert 3.7
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V battery voltage to 3.3 V to feed the power amplifier) and one current-limit module
(NCP380 Fixed/Adjustable Current-Limiting) to keep the micro-controller current below 1
A to prevent burning.
The controller unit uses a double-layer printed circuit board (PCB) with soldering chips on
both sides of the board to reduce the overall size. The top layer contained the signal chips
including the mini-USB disk, micro-controller, and power amplifier, while the bottom layer
contained the power chips including DC-DC converters and battery, to minimize interference
that any unexpected ripple and impulse from the power chips may have on the source signal.
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Total current consumption was approximately 220 mA when all components were working
at their maximum power. A 3.7 V AA rechargeable battery capacity is 1200–1400 mAh,
which means this prototype can work for approximately 6 h after being fully charged. The
total cost of the chips excluding the PCB and labor cost was approximately $50.
In this study, the control panel of the prototype was replaced by a computer-based user
interface (Figure 1D) to provide automatic calibration. The user interface initially displayed
“Wear the wristband and press START”. When the user wore the wristband and pressed the
START button, vibration was presented at the wristband and the display in the user interface
changed to “Can you feel the vibration?” The user pressed the YES or NO button based on
whether or not they felt vibration. The vibration intensity was reduced when the user pressed
YES and increased when the user pressed NO. Once the minimum vibration intensity that
the user could feel (sensory threshold) was identified, vibration at 60% of this intensity [1,
13] was presented with the display “TheraBracelet is running. Perform your activities”.
2.2 Usability evaluation
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Subjects—Ten stroke survivors (four females, ages ranging 45–82) participated. Their
time since stroke ranged 2–27 years. Six stroke survivors had paralysis on the right hand,
while four had paralysis on the left hand. Eight had an ischemic stroke, while two had a
hemorrhagic stroke. The functional level of the affected upper extremity assessed by the
Fugl-Meyer Assessment [29] ranged 13–24 (out of 24). Stroke survivors who had high
scores on the Fugl-Meyer Assessment were included in the study, because manual dexterity
is not thoroughly tested in the Fugl-Meyer Assessment, and TheraBracelet is expected to
impact manual dexterity such as writing and handling intricate parts, even for healthy adults
[14–16]. All subjects signed an informed consent form approved by the Institutional Review
Board before participating in the study.
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Procedure—The testing order was as follows. First, participants completed a survey
regarding expectation of TheraBracelet. Then, the participants experienced the prototype.
Lastly, the participants completed a survey to evaluate the prototype. The rating results from
both surveys were used for the House of Quality analysis to determine priority technical
improvement needs of the current prototype. Each step is detailed below.
The expectation survey entailed rating of importance for individual user expectation criteria
as well as indicating expected usage. Participants were briefed on the concept of
TheraBracelet before they began the survey. Participants rated importance of individual user
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criteria for this hand orthotic on a five-point Likert scale (1 for not important, 2 for
marginally important, 3 for somewhat important, 4 for important, 5 for very important). The
user expectation criteria were: easy to put on/take off, easy to control, comfortable to wear,
safe to use, look, compact, lightweight, waterproof, easy to maintain, durable, his/her own
improvement in hand function, evidence of clinical effectiveness provided by scientific
studies, and affordable (Figure 2). These 13 criteria were pre-determined based on individual
interviews with six stroke survivors prior to the survey. As for the expected usage,
participants were asked regarding the likelihood of using such a hand orthotic at home if
they had it, frequency and duration of use, time they would be willing to spend to put it on,
likelihood of buying one if it is available for purchase, and price they would be willing to
pay.
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The participants experienced the developed prototype by performing dexterous hand tasks
with and without the prototype, upon completion of the expectation survey. Specifically,
participants were asked to write with a pen, type on a keyboard, pour water into a cup, add/
stir sugar in the cup, and complete manual dexterity tests of the Box and Block [30] and
Purdue Pegboard Tests [31]. The purpose of these tasks was for the participants to feel and
formulate an idea of how it would be to go about their day-to-day activities with the
prototype and the way the prototype affected their performance. A written manual on how to
wear and use the prototype was provided. The manual also showed preliminary evidence for
immediate effectiveness in the Box and Block Test score and pinch strength among chronic
stroke survivors from a previous study [1].
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The participants’ satisfaction with the prototype was assessed in the evaluation survey.
Satisfaction for each of the 13 criteria was rated on a five-point Likert scale (1 for very
unsatisfactory, 2 for unsatisfactory, 3 for OK, 4 for satisfactory, 5 for exceeding expectation).
Satisfaction for affordability was rated for a cost of $100 which was based on the off-theshelf part cost of $50 and potential PCB/labor cost. In addition to the satisfaction rating, any
additional comments were asked.
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House of Quality analysis—House of Quality analysis was performed to determine
priority technical improvement needs of the current prototype. The analysis used the rating
results for the 13 criteria from the expectation and evaluation surveys. In addition, a list of
technical characteristics and an inter-relationship matrix describing the relationship between
individual criteria and technical characteristics were developed by engineers (Figure 5A top
row and center matrix, respectively). Priority weights for each technical characteristic
(Figure 5A second to the bottom row) were calculated as the sum of the multiplication of the
user expectation rating, relationship score (9, 3, or 1), and 5 less user evaluation rating for
individual criteria. The priority percentage (Figure 5A bottom row) was the priority weight
normalized to the sum of all priority weights across all technical characteristics. High
priority percentages note high technical improvement priority to efficiently increase user
satisfaction.

Disabil Rehabil Assist Technol. Author manuscript; available in PMC 2018 February 01.

Lakshminarayanan et al.

Page 6

Author Manuscript

3. Results
3.1 Expectation for TheraBracelet
Participants’ rating of importance for individual criteria for TheraBracelet hand orthotic is
shown in Figure 2. Participants responded that it is very important (with mean rating>4.5)
for the hand orthotic to be easy to control, safe to use, and effectively improving their hand
function. Other important criteria (with mean rating>3.5) were easy to put on/take off,
comfortable to wear, compact, lightweight, waterproof, easy to maintain, durable, clinically
proven with evidence, and affordable. Look/appearance was not considered important (mean
rating<2.5).
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As for expected usage of TheraBracelet, most participants responded that they would use it
if they have it at home (Figure 3A). Most participants responded that they would use it all
day long (Figure 3B) with 5–10 min blocks or continuously for more than 3 h at a time
(Figure 3C). Most participants wanted to spend less than 1 min to put on the orthotic (Figure
3D). Four of 10 participants responded that they would likely buy it if available for purchase
and 6 participants responded as maybe (Figure 3E). Most participants responded that they
would be willing to pay $20–$50 for such an orthotic (Figure 3F).
3.2 Prototype evaluation

Author Manuscript

Rating of satisfaction obtained after the participants used the prototype is shown for the 13
criteria in Figure 4. The most unsatisfactory criterion was affordability, indicating $100 was
considered not affordable to the participants. Other criteria that were below satisfactory
(with mean rating<3.5) were easy to put on/take off, waterproof, and user improvement. The
rest criteria were satisfactory or above satisfactory (mean rating>3.5). Specifically, safety
and lightness of the prototype almost exceeded expectation (mean rating>4.5) (Figure 4).
Additional comments from the participants included wire-free, washable, Velcro wrist strap
as opposed to the athletic wristband, and a device that improves hand function over time
such that eventually it is no longer needed.
The House of Quality matrix was created (Figure 5A) based on the user expectation and
evaluation (Figure 2 and Figure 4 applied to the left and right columns of Figure 5A,
respectively). The top priority improvement need was found in clinical knowledge, followed
by cost, the way to tie to the wrist, and electrical insulation against water (Figure 5A bottom
row, plotted in Figure 5B).

4. Discussions
Author Manuscript

4.1 Feasibility for TheraBracelet
This study demonstrated feasibility for a portable, wearable, battery-operated TheraBracelet
that applies small vibration to the wrist with intent to affect hand dexterity. The prototype
uses a rechargeable battery that can last up to 6 h. Off-the-shelf components totaled at
approximately $50.
The current prototype has the vibrating wristband connected to the controller unit via a cable
(Figure 1). A future prototype may aim for a stand-alone wristband containing electronics,
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Lakshminarayanan et al.

Page 7

Author Manuscript

similar to a watch, by reducing the controller unit size. The controller unit size may be
reduced by replacing the AA battery with a coin-cell battery and removing the mini-USB
disk. The mini-USB disk offers the ability to change the vibration source signal, which is
useful for scientific investigation but unnecessary for a user product. Removal of the miniUSB disk may also reduce the part cost. The cost may further be reduced by mass
production.
4.2 Expectation for TheraBracelet
Appearance of a hand orthotic was regarded as the least important, while ease of control,
safety, and effectiveness in its intended purpose of improving hand function were regarded
as the most important (Figure 2). Most stroke survivors wanted to try a hand orthotic all day
long or frequently in 5–10 min blocks at a cost of $20–$50 (Figure 3).
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4.3 Prototype evaluation
Stroke survivors evaluated the prototype with a mean rating of 3.7 out of 5 (close to
satisfactory). The three most satisfying aspects about the prototype were: lightweight, safe to
use, and comfortable (Figure 4). The criteria of lightweight and safe to use almost exceeded
expectation (mean rating>4.5).
The unsatisfying criterion about the prototype was affordability (mean rating=2.3). Criteria
that were rated OK only (with mean rating<3.5) were user improvement, don/doff, and
waterproof (Figure 4). These dissatisfactions may be addressed by focusing future
development efforts toward the top priority improvement needs in the cost, clinical
knowledge, way to tie to the wrist, and electrical insulation against water (Figure 5B), as
detailed below.
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Dissatisfaction with the $100 cost is understandable based on the preferred cost of $20–$50
(Figure 3F). Accordingly, the prototype cost was identified as one of the highest priority
improvement needs in the House of Quality analysis (Figure 5). The preferred cost may be
achievable via design simplification involving removal of the mini-USB disk as described
earlier, mass production, and potential insurance coverage.
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User improvement with the prototype was the second least satisfactory criterion, although
rated as OK (mean rating=3.1). Interestingly, secondary analyses examining correlations
between the impairment level (Fugl-Meyer Assessment score) and the user improvement
rating and between the impairment level and the overall rating showed no correlation (R2 <
0.01 and R2 = 0.02, respectively). This lack of correlation suggests that the perceived change
in the manual dexterity and overall evaluation of the prototype were not dependent upon the
upper limb impairment level within this subject group. With the user improvement rated as
the second least satisfactory, correspondingly, improved knowledge on clinical effectiveness
for specific individuals’ characteristics was identified as the top priority improvement need
(Figure 5). The currently available clinical knowledge is from studies that showed
statistically significant improvements in hand function immediately with imperceptible
vibration [1, 13]. Yet, long-term effectiveness of a hand orthotic is of main interest for
people with persistent hand impairment, as exemplified by the participant comment of being

Disabil Rehabil Assist Technol. Author manuscript; available in PMC 2018 February 01.

Lakshminarayanan et al.

Page 8

Author Manuscript

able to improve hand function over time so as not to need the orthotic any more. Thus, future
clinical studies on effectiveness in the long run with repeated use are needed.
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Ease of donning/doffing was also rated as below satisfactory (Figure 4). The House of
Quality suggests that ease of donning/doffing may be addressed chiefly by improving the
way to tie the bracelet to the wrist, followed by improving fabrics/materials with different
tightness/sizes and condensing the electronics into a stand-alone wristband to eliminate the
loose cable getting in the way (Figure 5). While the participants tried the prototype, it was
anecdotally observed that the participants had difficulty putting the athletic band around the
paretic fingers without getting it caught between fingers and sliding it to the wrist, using
only the nonparetic hand. This barrier in donning needs to be addressed, especially because
most participants indicated that they would like to spend less than 1 min for donning (Figure
3D). Alternative design solutions such as a cuff-bangle bracelet to bypass the fingers and
directly access the wrist may be considered, in addition to the Velcro strap suggested in the
participant comments.
The last criterion below satisfactory was waterproof (Figure 4). Most importantly, the
prototype’s electronics were not waterproofed, which needs to be improved as identified in
the House of Quality. The fabric/material may also be replaced to be non-water-absorbent
(Figure 5). Waterproof is desired for washing/cleaning of the orthotic for maintenance as
suggested by the participant comments. Waterproof is also desired given the frequent needs
of washing hands or washing objects with the hands in daily living, especially when people
wish to wear the device all day long (Figure 3B).

5. Conclusions
Author Manuscript

Feasibility for a battery-powered portable, wearable vibrating wristband to improve hand
function, i.e., TheraBracelet, was demonstrated. The survey for expectation on such a hand
orthotic showed stroke survivors’ willingness to try it out at a low cost. In addition, the
current prototype was well received by stroke survivors with a mean rating of 3.7 out of 5
(close to satisfactory). Evaluation of the current prototype using the House of Quality
analysis revealed that the priority improvement needs for the prototype are to improve
clinical knowledge on long-term effectiveness, reduce cost, ease donning/doffing, and
waterproof. In summary, this study presents a potential for a low-cost wearable hand orthotic
likable by stroke survivors.
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Implications for rehabilitation
•

Feasibility for a portable wearable wristband-type hand orthotic was
demonstrated.

•

The survey showed stroke survivors are willing to try such an orthotic
at low cost.

•

The current prototype was rated as satisfactory overall by stroke
survivors.

•

This study provides a potential for a low-cost wearable hand orthotic
likable by stroke survivors.
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Figure 1.

TheraBracelet prototype (A) and its device architecture diagram (B–C) and user interface
used in this study (D).
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Figure 2.

Importance of each of 13 criteria for a wearable hand orthotic rated by participants. Mean ±
standard error from 10 stroke survivors’ ratings are shown.
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Figure 3.

Histograms showing stroke survivors’ responses regarding expected usage of TheraBracelet,
including the likelihood of using it at home (A), expected frequency of use (B), duration of
each use (C), acceptable time to put on the wearable (D), likelihood of buying one (E), and
price they would be willing to pay (F).
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Figure 4.

User satisfaction with the prototype for individual criteria. Mean ± standard error from 10
stroke survivors are shown.
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Figure 5.

House of Quality matrix (A) and the priority percent showing the relative priority of
improvement needs in a plot (B).
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