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bstract

A wearable finger flexion monitor developed to measure hand function in individuals with hand dysfunction was evaluated for feasibility,
easurement repeatability and reliability, fidelity of wireless transmission, and user acceptance. Configuration of the monitor allows use in

ituations when a traditional measurement glove cannot be worn. Five healthy individuals participated in the study of repeatability, while 10
ealthy individuals and 10 individuals with acquired brain injury participated in trials to assess feasibility and user comfort. Repeatability results

howed an overall error of 3.4◦, compared to 5.5◦ and 5.7◦ reported with other sensor gloves, and to manual measurements (5–8◦). Intraclass
oefficient of reliability (using coefficient alpha) averaged 0.95. User feedback regarding comfort of the monitor was very high. Loss of data during
ireless transmission was no greater than 1.2%. Results demonstrate that the monitor has a strong potential to be used as a tool for objective hand

unction evaluation in the home and community for both short- and long-term monitoring.
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. Introduction

Rehabilitation researchers would like to quantify finger pos-
ure in order to understand joint motion during activities of daily
iving in individuals with movement disorders. Knowledge of
ow individuals use their hands and fingers as they interact with
heir home and community environments is critical in effectively
lanning and evaluating rehabilitation therapy and treatments for
pper limb movement disorders. Evaluation of function directly
n these environments would provide more realistic information
han data collected in the clinic. For example, collection of hand
osture data while individuals perform everyday activities such
s eating, dressing, and manipulating objects would provide a

uch clearer picture of true hand usage, which may differ from

he functional potential that is traditionally assessed in a clinical
etting with ordinal scales such as the Functional Independence
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easure or Modified Ashworth Scale (Bohannon and Smith,
987).

While precise measurements of various aspects of finger
otor control can be made in the laboratory (Darling et al.,

994; Lang and Schieber, 2004; Li et al., 2003), it is not clear
ow well these measurements correspond with utility in every-
ay life. The ability to monitor hand usage for extended periods
f time in more natural environments could yield valuable infor-
ation about the efficacy of various interventions.
Assessment of hand function typically encompassess several

easurements such as range of motion (ROM), strength and
bility to perform functional tasks. Evaluation of ROM has
raditionally been a manual test in which flexion and extension
re measured one joint at a time using a goniometer. While this
rovides useful information on passive ROM, it is impossible
o evaluate ROM during the performance of functional tasks
ithout special devices. Active ROM and functional ROM

ave been proposed as functional measures for a variety of
valuations including metacarpophalangeal (MCP) joint motion
ollowing joint replacement, prosthesis performance (Fowler
nd Nicol, 2001; Hume et al., 1990; Mallon et al., 1991) and
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The most important requirements for the Shadow Monitor,
unlike the priorities for most commercial systems, are ease and
comfort of donning and removal for individuals who have sig-
nificantly reduced range of motion in the hand and fingers.
36 L.K. Simone et al. / Journal of Neu

urgical efficacy. However, it has not been established which
ethod is the most appropriate to measure ROM to assess

unctional capacity (Hume et al., 1990; Mallon et al., 1991).
Beyond simple range of motion, detailed information about

pecific hand movements can be used to augment traditional
ethods in assessing function for rehabilitation, workplace

veruse and usability issues, and compliance with physical ther-
py or telerehabilitation (Dipietro et al., 2003). In many of these
ases, long-term monitoring of hand use has been proposed
Fowler and Nicol, 2001). However, no guidelines exist for min-
mum sampling rates, signal resolution and accuracy values, or
ensor configurations appropriate for home use to provide useful
nformation at a reasonable price.

Gloves containing sensors to measure flexion and extension
ave been proposed for semi-automated goniometery in order
o address the shortcomings of passive measures and to explore
unctional activities (Dipietro et al., 2003; Rand and Nicol,
993; Williams et al., 2000). Instrumented gloves or individ-
al sensors can measure dynamic values of hand and finger
osture in real time and store these data for post-processing
nd analysis. For example, commercial gloves include the Data-
love family (Fifth Dimension Technologies (5DT), Irvine,
A), Cyberglove (Immersion Corporation, San Jose, CA), and

he HumangloveTM (Humanware S.R.L., Pisa, Italy). Various
on-commercial devices have also been reported (Rand and
icol, 1993; Karlsson et al., 1998; Zurbrügg, 2003; Jurgens and
atterson, 1997; Hofmann and Henz, 1995; Asada and Mascaro,
999; Williams et al., 2000). Traditionally, these gloves have
een directly cabled to a data collection computer and have
estricted the wearer’s movements. However, some companies
ow offer a wireless connection between the glove and a nearby
ata collection computer, allowing the wearer to move freely
ithin the room. Both 5DT and Immersion have released wire-

ess versions of their gloves, which use Bluetooth® technology
o transmit data to nearby computers. These wireless options can
e expensive and do not give the wearer freedom to move about
he home and commuity settings while data is being collected.

A second drawback of existing instrumented gloves is that
ost may be difficult or impossible to don by individuals with

ignificantly reduced range of motion in the hand and fingers
econdary to brain injury or other trauma, as the glove must
t snugly enough to keep the sensors properly located over the

oint of interest. In studies with quadriplegia, Castro and Cliquet
ound that gloves used to measure object manipulation had to be
ustomized for each individual to ensure optimal sensor posi-
ion and glove sizing (Castro and Cliquet, 1997). Both Wise and
ipietro found the commercial gloves used in their repeatabil-

ty analyses fit poorly on healthy female subjects due to smaller
and size (Dipietro et al., 2003; Wise et al., 1990). Research
tudies reporting the use of commercial measurement gloves in
he brain injured population report that individuals tested had rel-
tively high levels of hand function and were physically able to
on the glove. In the two studies reporting use of the Cyberglove

ith individuals with brain injury, all individuals had sufficient
assive ROM to don the glove (>65◦ finger and 43◦ thumb
OM) (Merians et al., 2002) or functional capacity to hold a
en with precision grip (Lang and Schieber, 2003). Details on
nce Methods 160 (2007) 335–348

ther devices and their applicability to this application appear
lsewhere (Simone and Kamper, 2005).

Existing measurement methods (i.e., gloves) are not the opti-
al solution for assessing functional capacity over time and

n the community for the broad range of hand function disor-
ers observed in the clinic or rehabilitation facility. The Shadow
onitor was developed to allow unobtrusive measurements of

nger postures across all ability levels in this underserved popu-
ation (Simone and Kamper, 2005). Rather than encase the hand
nd fingers entirely and thereby exclude some individuals who
annot wear a glove-like device, it was designed to be worn on
he back of the hand and shadow the wearer’s hand activities.
he device wirelessly records continuous streams of finger pos-

ure as individuals perform daily activities, providing a wealth of
ew information for the evaluation and treatment of movement
isorders in the hand and fingers. Short- or long-term testing
an be performed without tethering to a computer. Data can be
tored locally on the device if transmission to a computer is not
ossible. Currently up to eight sensors can be used; while attach-
ent anywhere on the hand is possible, we attached sensors to

he dorsum, leaving the palm free of obstruction. The system
s significantly less expensive than currently available wireless
ystems.

The purpose of this research was to evaluate the device for
se in clinical populations. Repeatability and reliability of sen-
or measurements, wireless transmission rate failure, and user
cceptability were assessed.

. Methods

.1. The Shadow Monitor

.1.1. Components
The Shadow Monitor is a lightweight measurement device

esigned to measure finger joint flexion automatically. The wear-
ble system includes a signal conditioning/wireless transmitter
ox and a disposable sensor glove containing commercially
vailable sensors. The electronics box can be mounted at dif-
erent places on the arm based on activity and comfort of the
ubject. Mounting on either the forearm (Fig. 1) or upper arm is
ossible (Fig. 2a).
Fig. 1. The Shadow Monitor.
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Fig. 2. The Shadow Monitor wireless data transmission demonstration. (a) The subject performs a functional task while data is wirelessly transmitted. (b) The subject
a hind t
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lternately opens and closes his hand while data is transmitted to a computer be
isplay in real time.

dditional requirements include low cost and lightweight con-
truction, unencumbered movement around the home and in the
ommunity during data collection, and unobstructed sense of
ouch on the palmar side of the hand.

Thus, the configuration of this device is significantly different
rom existing measurement gloves in that fingers are not encased
n individual pockets of material. The glove is composed of
ndividual Lycra® sleeves for each joint to be monitored. Each
leeve contains a bend sensor encased in a thin plastic sheath. The
ensor, plastic sheath, and outer sleeve are secured together at
he proximal end of the assembly. The outer sleeve is attached to
he dorsal aspect of the finger using double sided medical grade
dhesive tape (MACTac, Stow, OH). The tape is applied on the
kin proximal and distal to the joint such that the joint is free to
ove. The inner plastic sleeve facilitates easy movement of the

ensor within the Lycra® sleeve as the finger joint is moved.
In its current configuration, the “glove” supports up to eight
ensors; the analysis presented here focused on the five MCP
oints. In order to address cost and durability concerns, inexpen-
ive bend sensors, manufactured by Flexpoint Sensors (Draper,
T), are used. These sensors change resistance when bent. A

g
p
i
(

he display. The flexion–extension curves for each MCP joint are shown on the

ommon characteristic of bend sensors is a time-varying creep
hen held in a fixed, bent position, and sometimes inaccuracy

eturning to the same baseline (flat) resistance value. These can
ntroduce significant error over time. Flexpoint sensors were
elected after we evaluated several sensor configurations from
ifferent manufacturers. Decay in sensor value after a pseudo-
tep increase in bend angle was 0.6% full scale or 6.1% of the
tep amplitude after 15 s, as compared to 9.5 and 24.4% for the
ext best and popular Abrams-Gentile sensor (Abrams-Gentile
ntertainment Inc., New York, NY). While not insignificant,

hese errors are an acceptable tradeoff between accuracy and
urability/cost. The behavior of these sensors and testing proto-
ols is explored in more detail elsewhere (Simone and Kamper,
005).

The arm-mounted box of the current system contains signal
onditioning electronics, a microprocessor, nonvolatile memory
torage, and the wireless transmitter/receiver (see the block dia-

ram in Fig. 3). Signals are level shifted to a range of 0–1.5 V in
reparation for analog-to-digital (A/D) conversion. The remain-
ng functionality is implemented with a TmoteSky device
MoteIV Corporation, Berkeley, CA). Each “mote” contains 10 k
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Fig. 3. Block diagr

AM, 48 k FLASH, external 1 MB FLASH (for data storage), 8
2-bit A/D channels, 250 kbps 2.4 GHz IEEE 802.15.4 Chipcon
ireless Transceiver, and an onboard antenna. Operations are

ontrolled by a Texas Instruments MSP430 microcontroller.
Finger flexion signals are sampled using the 12-bit A/D and

tored in onboard FLASH memory. The entire system (including
ote, sensors, and signal conditioning hardware) is powered by
AA batteries, which are sufficient to complete a minimum

f 24 h of data collection. The wearable portion of the sys-
em weighs approximately 145 g (five sensors + sleeves: ∼5 g,
ignal conditioning box: 85 g, two AA batteries: 55 g). Two sep-
rate motes are used in the system: the first is a “sampling”
ote that resides inside the arm-mounted box; the second is a

base station” mote that is inserted into the USB port of a com-
uter or laptop to receive the data transmitted from the wearable
evice.

The wireless protocol selected for the Shadow Monitor is
he IEEE Standard for Low-Rate Wireless Personal Area Net-
orks (IEEE 802.15.4) (2003). This newer standard was specif-

cally proposed by the measurement community to fill a need
or extremely lower power, lower data transmissions for sen-
or net monitoring, home health monitoring and telemedicine,
nd home automation (Adams, 2004). ZigBee is the primary
rotocol based on this IEEE standard. The standard is a lower
ata rate sibling of Bluetooth® and uses the existing 4 GHz
ndustrial, Scientific and Medical (ISM) band which the FCC
et aside for applications such as medical telemetry. It has also
een proposed in the implementation of a wireless body area
etwork (WBAN) for rehabilitation applications and ambula-
ory monitoring (Jovanov et al., 2005). New products based on
his standard are being proposed, starting with remote monitor-
ng for home networks that include appliance control, security,
emote utility meter reading, and anti-fire systems.

.1.2. Modes of operation
The Shadow Monitor can operate in three data collection

odes; the appropriate mode is automatically selected and con-
rolled by the arm unit software. These are: (1) the Sample-and-
end mode, in which the arm unit collects data and transmits
ll data immediately to a data collection computer using the
ireless link (no data is stored locally on the arm unit); (2) the

ample-and-Save Mode, in which data is collected and stored

ocally on the arm unit (no external computer is required); (3)
he Sample-and-Dump Mode, in which new data is sampled and
mmediately transmitted, and any data stored in local memory

c
m
t
c

Shadow Monitor.

s simultaneously sent until all stored data is cleared from mem-
ry. Modes 2 and 3 use 1 MB of onboard memory to store data;
he amount of time the monitor can store data without sending
t to an external computer depends on the number of sensors
sed, the desired sampling rate, and use of a data compression
lgorithm. Data acquired after 1 MB has been stored will be lost
f no receiving computer is available. All modes use the same
ampling rate, although the effective over-the-air transmission
ate may be higher depending on which data collection mode
s used. Our experimental protocols may use different sampling
ates depending on the desired outcomes.

Raw data sampling was initially performed at 25 Hz, with
ater testing verifying low error rates at sampling frequencies
p to 75 Hz. Power spectral density of finger movements has
een studied between 1 and 32 Hz (Van Galen et al., 1990)
nd fastest reported hand motions (including hand writing) are
round 5–6 Hz (Durlach and Mavor, 1994). While common
otion analysis systems often sample at higher rates (e.g., 60

r 120 Hz), the data are generally low-pass filtered with a sig-
ificantly lower cutoff frequency for subsequent analysis. In a
tudy of hand synergies during reach-to-grasp, data were filtered
o 6 Hz (Mason et al., 2001), and for sensory motor hand train-
ng in stroke subjects, a 12 Hz cutoff was used (Merians et al.,
006). The Nyquist criterion would suggest that the correspond-
ng sampling rate would be twice that, at approximately 25 Hz,
n line with our lower sampling rate.

Selection of operational mode is controlled by the sam-
ling mote located in the arm unit. The sampling mote initially
earches for a path to the base station mote, which is connected
o the USB port on a personal computer or laptop. If the base
tation is detected, the device establishes communications with
he base station mote and uses Sample-and-Send mode to begin
ending data (Mode 1). Data are transmitted in a 28-byte data
ayload per packet. A time stamp is included for each set of
amples. Handshaking between the sampling mote and the base
tation mote is controlled by the Media Access Control layer
s specified by the IEEE 802.15.4 standard. If no data path is
etected between the arm unit and the base station mote, the
hadow Monitor enters Send-and-Save mode (Mode 2). All sam-
led data are stored locally in the arm unit FLASH memory. In
his mode, 50 min of raw, uncompressed data sampled at 25 Hz

an be stored, which is appropriate for our shorter evaluation and
easurement sessions. For extended data collection sessions in

he home and community, data can be compressed or prepro-
essed to allow for additional data to be collected before data
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oss occurs. Simple bit compression allows storage of 90 min
f continuously sampled raw data, while preprocessing the raw
ata can extend the out-of-range time to over 3 h. Participants in
4 h trials receive instructions to spend no more than 3 h away
rom home (or the location of the receiving computer) in order
o prevent data loss.

While in the Send-and-Save mode, the arm unit periodically
hecks for the presence of a base station mote every 1000 ms
1 s). Should the path to the base station become available, com-
unications are established (or re-established) and the system

nters the Sample-and-Dump mode (Mode 3). (This base station
etection behavior occurs in all modes to reestablish a connec-
ion if none has been detected, or to ensure that any current
onnection is still present.) In this combination mode, new data
re still sampled and sent over the air at the original sampling
ate. Interspersed between these packets of new data, the arm
nit begins sending additional data packets containing the pre-
ious data that had been saved to local memory. The system
ontinues in this combination mode until the local memory is
mpty.

Software for the arm unit sampling mote and the base station
ote is written in NesC (an extension to the C language) and

uns on the open source TinyOS operating system designed for
ireless embedded sensor networks (U.C. Berkeley). The base

tation transfers the data to the computer using a Java program
hat controls communication between the base station mote and
he computer. Data are stored in an ASCII data file and later
onverted into joint angles based on previously recorded cali-
ration data. The time stamp can be used to sort the data on the
omputer. This is necessary if the arm unit has ever stored data
ocally, because when communications are reestablished, new
nd saved data packets are sent intermixed until the memory is
mpty. To assist in data collection, the raw data can also be dis-
layed on the computer screen using a custom Java oscilloscope
rogram (shown in Fig. 2b), allowing the tester to ensure that the
ensors are properly placed, that the electronics are functional,
nd that the wireless link is operational.

.2. Experimental procedures

.2.1. Subjects
Five healthy individuals with no movement disorders in the

ands participated in the repeatability and reliability studies pre-
ented here. Three women and two men, aged 22–47 years,
erformed the tasks. All subjects were right handed and the glove
as placed on the dominant right hand by the investigator.
Feedback on comfort and usability of the glove was obtained

rom this group and from a further group of 15 participants: 10
ith acquired brain injury (ABI) and an additional 5 healthy

ontrols (HC). Demographics of the entire group included 10
en and 10 women. In the ABI population, the average age was

9 ± 11 years (40% female). The glove was always placed on the
mpaired hand. All individuals were right handed, and 4 of 10

ubjects wore the glove on the non-dominant hand. Individuals
n the ABI population had been diagnosed with stroke on average
.8 years prior to testing. In order to investigate the performance
nd comfort of the glove under use, inclusion criteria included

j
t
r
e

nce Methods 160 (2007) 335–348 339

ufficient volitional hand function to hold a pen and pick up
mall objects like a checker, with no time restriction.

In the healthy population, the average age was 41 ± 19 years
60% female). Nine out of 10 individuals were right handed.
ecause some individuals with ABI were tested using the non-
ominant hand, 2 of the 10 healthy subjects also wore the glove
n the non-dominant hand.

All testing was performed at Kessler Medical Rehabilitation
esearch and Education Corporation (KMRREC), West Orange,
J. At the initiation of the testing session, all participants com-
leted an Institutional Review Board (IRB) consent form and
IPAA authorization form approved by the KMRREC IRB.

.2.2. Calibration
Calibration was performed for each individual (ABI and HC)

nd each sensor after all sensors were applied and prior to data
ollection. The evaluator passively moved each joint through
he full range of motion using a manual goniometer as flexion
ata were automatically captured by the computer. The evalua-
or paused for several seconds at specific joint angles including
aximum extension (hyperextension), 0◦, 30◦, 60◦, 90◦, and
aximum flexion. At each angle, a second evaluator pressed a

ushbutton to place a marker in the data file for subsequent data
nalysis. Raw voltage values corresponding to these goniometric
alues were captured automatically. The measurement process
ook approximately 8 min per person.

.2.3. Repeatability testing and reliability analysis
Repeatability was performed using the methods proposed by

ise and expanded by Dipietro for the evaluation of semi- or
ully-automated goniometric gloves (Dipietro et al., 2003; Wise
t al., 1990). Wise proposed four tests for repeatability of mea-
urement. Two tests use a gripped hand position and two use a flat
and position. Permutations of these two hand positions are used
o test repeatability with the glove kept on between measure-

ents, and with the glove removed and then replaced between
easurements. We divided this testing into two parts, focusing

nitially on the repeatability of measurement in both grip and
at hand positions, with the glove on between measurements
Tests A and C). These two tests best mirror our initial goals to
ssess the usefulness of this new system for short term and 24 h
onitoring, and to compare how individuals with and without

rain injury performed different activities. Repeated donning
esting will be performed separately before any proposed pre-
nd post-evaluations are initiated.

A prototype version of the arm-mounted system was used. To
eparate sensor errors from those attributable to wireless trans-
ission, the raw sensor signals were captured directly using an
channel 16-bit A/D card sampled at 25 Hz using LabView

National Instruments, Austin, TX).
Test A: A roughly cylindrical custom plaster mold was cre-

ted for each subject to ensure that the fingers were flexed to
he same position for each repetition of the test for a given sub-

ect (see Fig. 4). The participant clenched the mold for 6 s and
hen released the mold for 6 s. This clench/release cycle was
epeated 10 times. Repeatability measurements were taken from
ach sensor during the clench phase. During data collection, an
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For each item, participants were asked to select one of seven
statements to indicate how strongly they agree or disagree with
each item (strongly disagree, disagree, somewhat disagree, neu-
tral, somewhat agree, agree, strongly agree).

Table 1
User feedback questionnaire

Q# Question (answers range from 1 (strongly disagree) to 7
(strongly agree))

1 I felt comfortable as the glove was put on
2 I did not feel like my fingers were put into any uncomfortable

position as the glove was put on
3 I felt any restriction to movement with this glove is similar to

other gloves I have worn
4 I would feel comfortable wearing this glove in public
5 I felt comfortable performing the activities in this study
6 I feel I can do most of my daily activities (except those

involving water) while wearing this glove
7 The glove did not feel too tight (it did not make my hands or

fingers tingle)
8 I feel like I can bend my fingers just like I can without wearing

the glove
Fig. 4. Subject participating in repeatability testing.

perator manually depressed a pushbutton to place an electronic
arker in the data file indicating each stable clench phase after

and and finger movement stopped. The digital pushbutton sig-
al was sampled simultaneously with the sensor signals and
tored together with those data.

Test C: The participant placed the hand on a table top and
lternately raised the hand and lightly flexed the fingers, and
hen returned the hand to the table top, for 6 s at each position.
epeatability of the flat hand position was explored in this test.

n order to achieve repeatability in hand and finger position,
n outline of the hand profile was drawn on paper and placed
n the table. This cycle was also repeated 10 times. During data
ollection, an operator manually depressed a pushbutton to place
n electronic marker in the data file indicating each flat hand
hase.

For each test above, the participant rested for at least 1 min,
nd then repeated the entire test. This was done 10 times for both
est A and C, for a total of 100 grip/release cycles for each test.

.2.4. Wireless communication systems testing
Reliability of the wireless link was tested under three con-

itions and the error in each condition was computed. For all
ests, data were recorded from five channels and continuously
ampled at 25 Hz. In the first test condition, the sampling mote
as always within range of the base station mote, so all data
ere immediately transmitted after each sample was collected

Sample-and-Send, Mode 1). Data from all five channels, with
imestamp, were transmitted together in each packet. The sam-
ling and transmitting was performed for 30 min.

In the second test condition, the sampling unit was kept out
f range of the base station during the 30-min sampling period.

ll data were saved locally on the FLASH memory of the sam-
ling unit (Sample-and-Save, Mode 2). After the completion of
ampling, the unit was brought within range of the base station
nd the entire block of saved data was transmitted at 25 Hz.

1

1

nce Methods 160 (2007) 335–348

In the final test condition, the sampling unit was removed
rom the vicinity to purposely prevent transmissions to the base
tation mote for the first 15 min of the sampling period. The
ampling unit was then brought into range of the base station
o allow the monitor to begin sending stored data as well as
ewly collected data (Sample-and-Dump, Mode 3). The monitor
utomatically initiated concurrent transmission of new sampled
ata (at 25 Hz) with transmission of the stored samples (at 15 Hz)
ntil all of the stored samples were sent. The effective over-the-
ir transmission rate for this test was 40 Hz (25 Hz + 15 Hz).

.2.5. Battery life testing
Testing was performed to determine battery life of the device.

wo fresh AA alkaline batteries were inserted in the arm unit,
nd both the arm unit and the base station receiving laptop were
tarted. The system was placed in Mode 1, Sample-and Send.
ata were received continuously by the base station mote and

tored to the computer’s hard drive. Proper sensor sampling and
ireless data transmission was verified periodically over the

esting period using the graphical oscilloscope program.

.2.6. User feedback questionnaire
We administered a short questionnaire at the completion of

he protocol after the monitor was removed. This questionnaire
as designed to elicit feedback on the participant’s experience
ith the monitor and includes questions on comfort during don-
ing, use, and removal. One question, in addition to open-ended
iscussion following completion of the questionnaire, focused
n the participant’s feedback on wearing this device in public.
ach participant was asked what changes, if any, could be made
o that wearers would not alter their normal hand-use behaviors
hile wearing the monitor outside of the clinic. The 11-item
uestionnaire appears in Table 1.
9 The glove did not feel too hot or too cold
0 I did not feel like my fingers were put into any uncomfortable

position as the glove was removed
1 I felt comfortable as the glove was removed
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.3. Analysis

.3.1. Calibration
Data files containing the goniometric data collected during

assive joint manipulations over the entire range of motion were
valuated to extract the raw voltage value that corresponded to
ach joint angle. The files were manually scanned to locate the
ushbutton markers for maximum extension (hyperextension),
◦, 30◦, 60◦, 90◦, and maximum flexion. Using the pushbut-
on signal as a marker; approximately 1 s of data immediately
receding the pushbutton was averaged to arrive at the corre-
ponding voltage value. Depending on the values of maximum
exion for each joint, 3–5 voltage–angle pairs were identified
or each sensor/joint over the passive range of motion for that
oint.

The voltage–angle relationship is not linear, so from these
airs the MATLAB (The Mathworks, Inc.) shape-preserving
nterpolation function, pchip, was used to generate a look-up
able of interpolated voltage–angle values at 0.1◦ intervals, such
hat the resulting lookup tables could be used to convert raw
ensor voltage to calibrated angle for all raw datafiles. Pchip is a
iecewise cubic interpolation method that uses the same break-
oints as piecewise linear interpolation, while removing the
nstantaneous change in slope at each breakpoint (voltage–angle
air) to smooth the curve (Moler, 2004). A sample interpolated
urve with several voltage–angle pairs is shown in Fig. 5. A cus-
om C-language program was written to read the lookup tables
or each joint, and then convert all raw data files into new files
ontaining calibration joint angles. All subsequent data analysis
as performed on the converted files.

.3.2. Repeatability testing
Data processing for the repeatability testing was performed

emi-automatically using a custom Excel spreadsheet template.
ach raw data file contained one data block of 11 grip (or flat
and) actions; the first trial was a practice action that is not

ncluded in the analysis. For each of the 10 trials in the data
lock file, the spreadsheet automatically located the pushbutton
pikes corresponding to these actions, and computed an average
alue for each joint sensor over a three second window just prior

ig. 5. Sample voltage-to-angle relationship using shape-preserving linear inter-
olation.
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o the pushbutton time. This process produced 10 trial values for
ach joint (variable i), which are averaged to produce a single
alue for each joint (variable k) for the data block (variable j).
his process was repeated for each of the 10 data blocks of data
ollected, to produce an average flexion value for each joint for
ach data block.

Following the nomenclature presented in Dipietro, these 100
ycles can be represented by a three-dimensional array of data
Xijk}, i = 1, . . ., 10, j = 1, . . ., 10, k = 1, . . ., 5 to specify the ith
rial in the jth data block for the kth sensor (joint). The maximum
nd minimum data block averages were used to establish the
ange for each joint.

Range is computed as follows (Dipietro et al., 2003):

k = maxj(X̄jk) − minj(X̄jk)

here

¯
jk = 1

10

10∑

i=1

Xijk

From individual data block ranges, Rk, and corresponding
tandard deviations of the X̄jk values, an overall value of average
ange and average standard deviation across all five sensors was
omputed for each subject and each repeatability test.

.3.3. Reliability analysis
Reliability analysis was performed by computing an Intr-

class coefficient (ICC) to identify the source of variability
etween measures. ICC values close to 1 indicate high internal
onsistency in the measurement method, giving confidence that
he test results reflect true scores. To evaluate the ICC, methods
ntroduced in Dipietro et al. (2003) were repeated here. Reliabil-
ty analysis for Test A and Test C was performed by randomly
electing 2 of the 10 data blocks per subject, and further ran-
omly selecting 1 of the 10 trials within each data block. ICC
as computed for each digit. This was repeated 20 times. Mean

nd standard deviation of the individual ICC values was com-
uted for each digit and for each test as a whole.

.3.4. Wireless communication systems testing
The transmission error rate was computed for each of the

hree test conditions described above. Using the transmitted
ime stamp, the time interval between successive data packets
as computed and saved to the computer. (In this implemen-

ation, one data packet is equal to one sample of data from all
ve MCP joints plus the corresponding timestamp.) From this

nterval, and knowledge of the sampling rate, the total number
f missing packets was computed for each mode. This num-
er was divided by the total number of packets to compute
he transmission error rate. Additionally, the largest number of
onsecutive samples lost could also be determined from this
nformation. It should be noted that the software currently has no

rror correction algorithms implemented. Samples not saved to
he computer represent those either not received as determined
ia frame acknowledgement, or those received with errors as
etermined by data verification functionality provided by the
edium Access Control (MAC) layer of the IEEE standard.
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.3.5. Battery life testing
After a period of nonstop operation, battery capacity

ecreases until a point is reached when the sampling mote can
o longer transmit data reliably to the base station mote. The
attery life of the device was defined as the total elapsed time
ntil the base station mote could no longer detect the sampling
ote to receive data packets.

.3.6. User feedback questionnaire
Participant responses to the individual questions were con-

erted into numerical values ranging from 1 to 7 with 7 corre-
ponding to “strongly agree.” The scale generates an overall
core of 11–77 where higher scores indicate more favorable
eedback. A mean score for each of the 11 questions was com-
uted across subjects.

. Results

.1. Repeatability testing

Following calibration, raw data block files were processed. A
ingle data block file contains 10 cycles for each of the 5 MCP
oints; a sample data block from Test C (flat hand) is shown in
ig. 6. In Fig. 7, a sample data block for one joint from Test
(grip mold) is shown with pushbutton markers that are used

o automatically extract joint angles for each position. Ten such
ata block files were processed to produce 10 averaged values

or each joint, as shown in Fig. 8. The decay present before each
ushbutton signal is attributable to two factors: relaxation as
sers gripped the mold (most significant contribution discussed
elow), and the creep in sensor value caused by the mechanical

g
i
e
i

ig. 6. Raw grip-release data from each joint (top: thumb, bottom: pinkie) for a singl
n degrees.
n the raw data block files. Settling transients are caused by the subject locating
ngers in the mold and then relaxing their fingers just enough to maintain contact
ith the mold with dropping it.

ensor properties mentioned previously. We observed Dipietro’s
ndings that changes in grip force affected measured values;
ven small changes in joint position caused by increased muscle
ontraction were captured by the sensors. To compensate, we
ollowed Dipietro’s recommendations that subjects be asked to

rip the mold with as low of a force as possible. Subjects were
nstructed to grasp the mold and then relax their fingers just
nough to make good contact with the mold, without squeez-
ng it. During data collection, we watched each subject and

e data block collected during the performance of Test C (flat hand). Angles are
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Fig. 8. Individual data block averages for a single subject for repeatability Test
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Fig. 9. Average range and standard deviation (S.D.) (◦) measured for each sub-
ject and each repeatability test for Test A (a) and Test C (b).
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. Each value is the average of 10 individual grip-release cycles. The difference
etween the maximum and minimum values for each joint are used to calculate
he measurement ranges for this subject.

he real-time data until movements stopped and the self-paced
djustment period ended.

From these data, the range and standard deviation for each
ubject were computed (Fig. 9). The average range is the differ-
nce between the largest data block value and the smallest data
lock value over the entire test for each subject. Repeatability is
enerally reported as the standard deviation of the ranges. These
alues are shown for Test A (Fig. 9a), and Test C (Fig. 9b). In all
ases, the average flat hand repeatability (Test C) for all subjects
s better than the grip repeatability (Test A). Average repeata-
ility results for all subjects (N = 5) in Test A is σ = 1.61◦ and
n Test C is σ = 0.50◦, for an average of 1.05◦. Range results
ere Test A = 5.22◦, and Test C = 1.49◦, for an average of 3.36◦.
hese data appear in Table 2.

Results for individual digits for all subjects are shown in
ig. 10; the thumb MCP measurements show the highest stan-
ard deviation for the grip test (Test A), and all digits are similar
or the flat hand test (Test C).

.2. Reliability analysis
ICC analysis was performed for each test individually, and
or each sensor. For Test A, the average ICC for each MCP
oint ranged from 0.933 to 0.980 with an overall average of
.955 ± 0.091. For Test C, the average ICC for each joint ranged Fig. 10. Average repeatability standard deviation for each joint measured.

able 2
omparison of repeatability results

love tested Test A* Test C* Total

Range (◦) S.D. Range (◦) S.D. Range (◦) S.D.

ise (1990) Data Glove (VPL Research) 6.5 2.6 4.5 1.6 5.50 2.10
ipietro et al. (2003) Humanglove (Humanware) 7.47 2.44 3.84 1.23 5.66 1.84
hadow Monitor (this study) 5.22 1.61 1.49 0.50 3.36 1.05

* Repeatability tests defined in Wise et al. (1990) and refined in Dipietro et al. (2003).
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Table 3
Intraclass correlation coefficient of reliability

Thumb Index Middle Ring Pinkie Average

Test A 0.945 0.933 0.980 0.943 0.976 0.955
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deemed to be poorly worded. After explaining to subjects that we
were interested in how restrictive this glove felt, many thought
the question was confusing because the current device is not
a “glove.” Question 4 regarding wearing the glove in public
est C 0.992 0.985 0.794 0.987 0.930 0.937

ombined 0.946

rom 0.794 to 0.992 with an overall average of 0.937 ± 0.172.
he ICC values (Table 3) were very consistent from one data
lock to another with no particular joint showing significantly
ower reliability than the mean.

.3. Wireless communications systems testing

For the first test condition, immediate transmission of sam-
led data, no more than one consecutive sample was lost at a
ime, throughout the entire sampling period. Altogether 1.1% of
he total samples were not received (see Table 4). For the second
est condition, transmission following completion of all sam-
ling, all samples were transmitted and received the first time.
o samples were missed, for a total error rate of 0.0%. The dura-

ion of tests 1 and 2 was approximately 10 min, 46 s each, and
high signal strength at the receiver was verified before testing
as initiated.
For the final test condition, concurrent sampling and trans-

ission of stored data, the overall transmission error rate was
.2%. The bulk of this error was due to single missed sam-
les (1.1%), although there were 3 instances in which up to 3
onsecutive packets were not received, and 24 instances when 2
onsecutive samples were lost. After 15 min when the device was
rought back into range, it took an additional 37 min to transmit
he stored data while simultaneously sampling new data. Sig-
al strength was high for all tests, except when the monitor was
pecifically taken out of range for test 3.

In anticipation of using higher sampling rates and longer
essages (for additional sensor values), additional testing was

erformed to evaluate Mode 1 error rates for sampling rates
p to 100 Hz, while sending messages capable of supporting
ata from nine simultaneously-sampled sensors. Sampling rates
p to 75 Hz showed small errors (25 Hz: 1.1%; 50 Hz: 1.7%;
5 Hz: 1.9%), while the error rate jumped significantly for sam-

ling rates 100 Hz and higher (100 Hz: 50.2%). A separate test in
ode 2 (Sample and Save) using the same message size showed

mall errors for post-data collection transmission from onboard

able 4
ireless error rates for three test conditions

ata gap Test 1 Test 2 Test 3

Missing packet 493 0 873
Missing packets 0 0 24
Missing packets 0 0 3
otal packets sent* 46,152 46,143 78,550
otal packets received 45,659 46,143 77,550
otal test time 30 m 46 s 30 m 46 s 52 m 22 s
rror rate 1.1% 0.0% 1.2%

* Includes successful retransmissions.
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emory up to 75 Hz (25 Hz: 0.76%; 50 Hz: 0.79%; 75 Hz:
.83%). The error rates for Mode 2 are slightly lower because
he data storage algorithms monitor transmission receipts and
nitiate resending of missing data if possible. Overall, with the
urrent software, 75 Hz is a realistic upper limit for data trans-
ission without significant error rates.

.4. Battery life testing

During battery life testing, the arm unit was kept within range
f the base station for the entire test (except for short intervals
o ensure that the three wireless link modes continued to oper-
te properly, totaling less than 2% of the testing time). Battery
ife testing using two new alkaline AA batteries yielded a total
attery life of 59.75 h, or 2.49 days.

.5. User feedback questionnaire

Subjects responded positively to most questions, with mean
cores between 5.6 and 6.9 out of a maximum score of 7 (see
able 5). Comfort and ease of donning were significant goals.
uestions 1, 2, 10 and 11 addressed comfort during the donning

nd removal process; average responses for all subjects were
ositive (6.6 ± 0.3). Comfort wearing the monitor while per-
orming activities was captured with questions 3, 5, 6, 7, 8, and
; subject response was also very positive (6.6 ± 0.2). Responses
ere not significantly different between the healthy group and

he group with brain injury. Although the questionnaire contains
egative phrases, the wording is positive and may serve to bias
he results. However, the individual responses from this ques-
ionnaire are not being used as outcome variables or predictors
or participant performance; instead, they have been used to ini-
iate open-ended conversation regarding the wearer’s experience
n order to make improvements to the device.

Only three questions generated significant discussion. Ques-
ion 3 (individual responses ranging from range 2 to 7) was
able 5
ser feedback questionnaire: mean scores per question

Healthy
(N = 12)

Acquired brain
injury (N = 12)

All subjects
(N = 24)

1 6.8 6.7 6.8
2 6.8 6.6 6.7
3 6.7 6.0 6.4
4 5.6 6.0 5.8
5 6.9 6.4 6.7
6 6.4 6.1 6.3
7 6.9 6.7 6.8
8 6.5 6.6 6.6
9 6.9 6.7 6.8
10 6.8 6.5 6.7
11 6.0 6.3 6.2

otal score 6.6 ± 0.4 6.4 ± 0.3 6.5 ± 0.3
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enerated discussion (scores from 1 to 7) ranging from “embar-
assing”, “it looks funny”, “would feel funny wearing only one
love” to “would wear it out”, “no problem wearing it”. Inter-
stingly, four subjects suggested covering the individual sensors
ith a traditional glove of some sort to make it less notice-

ble. These were mostly healthy individuals who did not realize
he challenge that donning gloves can be for individuals with
estricted hand motion. The notion of color was also a pop-
lar topic, generating several fashion-oriented suggestions to
ake the entire device the same beige color as the current sensor

leeves, or to make it all black because “black matches every-
hing.” As with orthodontic braces and cast selections, providing
variety of colors for people to choose from was another option.
articipant feedback also prompted a change in how the device

s worn; we originally mounted the arm unit on the forearm, but
fter participant recommendations we found that an upper arm
ount is more comfortable and less obtrusive.
Finally, question 11 (scores from 2 to 7) brought several com-

ents about the double sided tape being used to secure the
ensors to the fingers. Many individuals felt some discomfort
s the tape was removed; it was likened to “pulling off a band-
id,” although one individual felt it was more painful than a
and-aid. Another offered that the tape made the skin feel dry
fter removal. We have explored both double-sided toupee tape
Topstick® [Vapon, Inc., Fairfield, NJ]) and double-sided “skin
riendly” pressure sensitive adhesive (TP9720 [MACTac Tech-
ical Products, Stow, OH]) and found that both were acceptable;
owever, the TP7920 was stronger and may be more durable for
xtended data collection sessions outside the clinical setting.

. Discussion

The Shadow Monitor was evaluated for repeatability, relia-
ility, wireless transmission, user acceptance, and battery life.

While both Immersion Corporation and 5DT have released
ommercial wireless gloves with a forearm-mounted form fac-
or similar to the Shadow Monitor, battery life was much longer
or the Shadow Monitor. The Shadow Monitor transmitted con-
inuously for nearly 60 h, significantly outperforming both the
ata Glove Ultra Wireless (reported in company literature at
ore than 8 h) and the Cyberglove II (reported at 3 h) for con-

inuous wireless use on one set of batteries. With the Shadow
onitor battery life, an individual can be fitted with the glove

nd sent home for several days, allowing researchers to explore
ulti-day activity to yield a more realistic snapshot of home and

ommunity activities.
The longer battery life was a direct consequence of the selec-

ion of the IEEE 802.15.4 wireless protocol for the Shadow
onitor, as opposed to the Bluetooth® (IEEE 802.15.1) wireless

rotocol used by both commercial devices. Bluetooth® provides
ore functionality than is actually needed for our application, at

he cost of battery life. The Bluetooth® protocol supports data
ates up to 1000 kilobits per second (kbps), but it uses at least

50 KB in system resources (Adams, 2004). Conversely, Zig-
ee/802.15.4 can support data rates only up to 250 kbps, but it
ses a mere 28 KB of system resources, roughly one-tenth of
he resources required by Bluetooth®. These lower benchmarks

f
w
e
S
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re directly coupled to lower power consumption requirements.
n fact, a key feature of the protocol is extended battery life
n remote operations that do not require high data rates or user
ntervention. Error rate testing show acceptable performance for
ll three data collection modes at 25 Hz. Additional testing to
xplore use of the monitor at higher sampling rates shows a sim-
larly low error rate up to 75 Hz for messaging packets sizes that
upport simultaneous sampling of nine sensors.

Additional advantages for the Shadow Monitor for the spe-
ific application of home monitoring of hand usage in individuals
ith disability include ease of placing the system on the user and

ost. Due to the commonly flexed posture of the hand following
troke, gloves can be very difficult for stroke survivors to don.
n contrast, the Shadow Monitor sensors were easily applied
o all of the subjects with ABI in this study. User acceptance
or the Shadow Monitor was high. The questionnaire generated
iscussion on a variety of topics, and we found that partici-
ants, including those with brain injury and restricted range of
otion, reported that the monitor was comfortable to don and

o wear, and that it did not restrict motion. We also found that
articipants would generally wear the device in public and appre-
iated being asked how to improve it. From that discussion, we
ound that the easiest solution is to offer several colors including
lack and beige, which is trivial since the sensor sleeves are very
ow cost, interchangeable, and easy to manufacture. We strug-
le against the perception that this should look like a traditional
love, and will explore adding an outer sheath to mimic the look
f fingertip-free gloves without sacrificing loss of palmar sensa-
ion. Flexibility in forearm and upper arm mounting, suggested
y a participant, increases its usability. We are encouraged that
articipants’ responses to the questions were similar regardless
f diagnosis or functional ability.

At this time, the 5-sensor wireless Data Glove runs US$ 2490
nd the wireless 22 sensor Cyberglove costs US$ 14,000. The
hadow Monitor costs US$ 300, with the large majority of this
ost associated with the Tmote. The sensors are sufficiently inex-
ensive that they can be considered disposable for the intended
tudies, thereby providing a much more robust system. Thus,
sers can use their hands without restrictions created by the fear
f damaging the device.

The repeatability and reliability of the three devices, however,
re similar. The Shadow Monitor showed an overall error range
f 3.4◦ (five subjects) for Tests A and C as compared to 5.5◦ for
he Data Glove (five subjects) and 5.7◦ for the Humanglove (six
ubjects) for the same tests (Table 2). The DataGlove results do
ot include data collected from the thumb sensors because the
humb joints were not stabilized in the mold. Based on these
ndings, we were careful during mold construction to encase

he thumb as much as possible. Despite the somewhat higher
ariability we also observed, thumb values have been included
n our results.

In addition, the standard deviation was comparable for the
hadow Monitor (1.1◦) versus 2.1◦ for the DataGlove and 1.8◦

or the Humanglove (Table 2). The results for all three gloves are
ithin the reported measurement reliability of manual goniom-

try with skilled therapists (within 7◦) (Wise et al., 1990). The
IGMA glove (a Lycra® glove with embedded Abrams-Gentile
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end sensors) has also been evaluated for measurement repeata-
ility using a similar protocol with custom molds, although
verage range and standard deviation using the same analysis
re not reported. Glove measurements were reported as consis-
ent (R2 > 0.84) with an average coefficient of variation of 7%
cross all sensors, although the exact consistency statistic used
s not clear (Williams et al., 2000).

Reliability analysis showed high ICC values for all channels
ithin 0.79–1.00 with an overall average of 0.95. This is com-
arable to ICC analysis performed for the Humanglove, which
howed that almost every channel had an ICC between 0.70 and
.0 (Dipietro et al., 2003). No similar analysis was reported for
he Data Glove.

Calibration is challenging in several regards. It must be per-
ormed for each joint and each subject. Joint angles are measured
y placing the goniometer over the sensor sleeve and the joint.
owever, we found it difficult to physically read the goniometer
alue without pressing on the sensors or twisting the hand and
ngers slightly. This can introduce a small amount of measure-
ent error because the ends of goniometer may press against the

ensor, causing a small deformation that changes the measured
oltage. Some values were measured multiple times to avoid
his. We will explore alternate methods to assess joint angle for
alibration purposes.

Secondly, because the voltage–angle relationship is nonlin-
ar, the fixed voltage resolution (defined by the hardware and
DC settings) of approximately 1.2 mV maps into different

ngular resolutions over the entire operating range. At midrange
here the instantaneous slope is larger, this corresponds to an

ngular resolution of approximately 0.06◦. At the endpoints
here slope may be much less, angular resolution averages
.22◦, which is still quite acceptable. At the extreme, the end-
oint resolution of one sensor on one subject was over 3◦ (=4.6◦).

Thirdly, hyperextension (and calibration in this region) is
articularly challenging for most sensor gloves and devices.
ost sensors do not work correctly in the reverse (hyperex-

ension) direction. The Flexpoint sensors do continue to provide
he correct relationship (greater hyperextension corresponds to
ecreasing resistance), although the magnitude of the voltage
hange with bend angle decreases significantly. For the study
ncluding 10 healthy subjects and 10 subjects with ABI, 5 sen-
ors were used for each subject. After calibration of each sensor
or each trial (20 trials × 5 sensors/trial = 100 calibrations), the
esultant angular resolutions over the hyperextension range 0◦
o −30◦ averaged 0.5◦. Seven of the sensors had angular resolu-
ions exceeding 3◦ (mean angular resolution = 10.7◦). (It should
e noted that the interpolation interval of 0.1◦ is not related to
hese values; it is simply a MATLAB selectable parameter and
annot provide additional resolution over that dictated by the
DC subsystem.) For many individuals, no hyperextension and
nly moderate flexion data could be collected due to disability
evel, so the hyperextension issue was not a factor. However,
e plan to revisit the sensor configuration in cases where high
esolution in hyperextension is needed.
The repeatability protocol proposed by Wise et al. (1990) and

efined by Dipietro et al. (2003) has some previously reported
imitations that we have also found, and we are in agreement

f

s
s
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hat this protocol is not very precise and repeatability results are
ffected by factors other than those caused solely by the instru-
ent. For example, increased grip strength results in different
nger and wrist positions, and subsequently different joint angle
easurements, as noted by others (Dipietro et al., 2003; Wise

t al., 1990). These human-related sources of errors can only
e minimized using a custom grip mold and conveying the goal
f the experiment to the subject before beginning; these errors
annot be completely removed, and their effects cannot be sep-
rated from those instrument-only effects. Although the mold
as designed to stabilize grip in one position, we found that it
id not stabilize the joints as well as did the flat handed position.
his observation was also reported by Dipietro. Despite these
hortcomings, the protocol appears to be a valid method to (1)
valuate a measurement glove device while it is being worn, and
o (2) compare results with other reported glove analyses.

The current implementation of the system was limited to five
ensors. This number can easily be expanded to eight sensors
ithout any changes to the hardware, and even beyond eight

ensors with the addition of a small circuit board to multi-
lex additional sensor inputs into the 8-channel analog-to-digital
onverter on the Tmote. The Flexpoint bend sensors can be fab-
icated to any desired length, so multiple sensors can be used on
ach digit.

Expansion beyond eight channels, however, may not always
e needed. Studies investigating hand postures, using between
and 14 sensors with different constraint assumptions and pro-

essing methods, suggest that a reduced sensor set may be
ppropriate. Reducing the high dimensionality of the data has
een accomplished using methods such as principal component
nalysis (PCA), neural networks, and recognizing position con-
traints due to biomechanics and hand anatomy. Jerde et al.
2003) used PCA to identify the 4 critical degrees of freedom
rom 17 joint angles measured during finger spelling (Ameri-
an Sign Language manual alphabet), and reported an accuracy
f 86.6% using thumb abduction, index and middle proximal
nterphalangeal flexion, and ring metacarpophalangeal flexion

easurements). Similarly, Mehdi and Khan (2002) reported
8% accuracy using a neural network model on inputs from a
-sensor glove (1 bend sensor for each finger, plus hand tilt and
and rotation), and Fels and Hinton (1997) used eight flexion
ngles, thumb abduction and thumb rotation to translate hand
estures to speech. Even when a large number of sensors are
sed, not all yield significant results or are reported. Adamovich
t al. (2004) measure 14 d.f. in the affected hand of individuals
ost-stroke, but report average range of motion and speed across
ll four fingers as a measure of improvement in virtual reality-
ased hand rehabilitation. Interdependencies among fingers and
oints during common hand postures also allows a reduction
n independent inputs needed to estimate hand postures (Lin
t al., 2000). These results suggest that using a reduced set of
egrees of freedom can still yield useful and significant results,
specially for rehabilitation applications evaluating significantly

ewer hand postures than reported above.

Our pilot studies using five sensors are based on research
uggesting that reducing the degrees of freedom can yield rea-
onably accurate results with a significantly lower measurement
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nd data processing burden. We are able to discriminate among
ifferent types of hand function activities, and have reported
significant difference in finger range of motion during daily

ctivities between individuals with brain injury and healthy indi-
iduals using this reduced sensor set (Simone et al., 2006).
dditionally, our device provides the option to choose the joints
f interest.

. Conclusion

The Shadow Monitor provides several advantages over other
roposed and evaluated systems and over manual goniometry.
irst, the Shadow Monitor accommodates all hand sizes. Despite
arying hand sizes and the inclusion of both genders, we did not
eed to segregate results based on hand size, which was done
or both the DataGlove and Humanglove in order to account for
loves that did not fit snugly on female subjects (Dipietro et al.,
003; Wise et al., 1990).

A second advantage is the unique method of sensor appli-
ation. This method makes donning the device simple for any
and position because joints do not need to be flexed in order
o apply the sensors. In addition, only the joints of interest need
o be measured, leaving the others free of obstruction. Existing
loves can be extremely challenging or painful for individuals
ith hand disabilities to don, and the Shadow Monitor addresses

his underserved need. Individuals with brain injury reported that
he glove was comfortable and that their fingers were not put into
n uncomfortable position as the glove was put on.

We identified some disadvantages of this device, including
ome concern about wearing it in public and post-removal itchi-
ess of the double sided tape. In addition, the midrange angular
easurement resolution of approximately 0.06◦ decreases at the

ndpoints to an average of 0.5◦ in hyperextension, requiring that
are must be taken to ensure that this device is acceptable for
he desired application. Currently, the monitor must be applied
y trained investigators to ensure correct sensor placement and
o perform calibration.

The long-term clinical application of this research is to
xplore everyday finger posture at rest and during the perfor-
ance of active and passive functional tasks, especially follow-

ng therapeutic interventions, in individuals with acquired brain
njury. Monitoring that can occur during the course of a day,
t home and in the community, would provide valuable infor-
ation to evaluate impaired hand function of both passive and

olitional activities. Quantitative real-time measurements can
ocument the effects of an intervention (e.g., pharmacologic,
herapeutic or chemoneurolytic) by correlating functional abil-
ties with specific task performance, such as fine motor control
r the use of a key or hand in a functionally assistive manner.
ther applications include telerehabilitation, assessing compli-

nce with physical therapy programs, and non-rehabilitation
elated applications such as virtual reality and gaming, and as a
omputer input device.
One of the primary goals for this study was to evaluate several
easurement parameters of the Shadow Monitor, and to evalu-

te its usefulness and comfort in capturing hand postures during
aily activities. The repeatability of measurement is compara-

D

D

nce Methods 160 (2007) 335–348 347

le to other semi-goniometric gloves reported, indicating that
he Shadow Monitor can also be considered for rehabilitation
pplications to assess hand posture during functional tasks. User
eedback and extended battery life support its acceptance as a
ong-term measurement tool for use outside the clinic.

Future work will include accuracy assessments and extended
ata collection over multiple days. Sensors for thumb abduction
nd rotation will be added in order to better capture thumb con-
ributions to hand posture, and a low memory indicator will be
dded to remind the wearer to return to the receiving computer
o prevent data loss. Additional sensor lengths will be evalu-
ted (currently, 3′′ sensors are used; 1′′ and 2′′ are available
or smaller joints). Eight sensors are easily supported with the
urrent hardware; additional sensors would require the addition
f a small daughter board. Testing has shown the addition of
everal sensors will not adversely affect transmission rates. In
ddition, data analysis methods will be developed to character-
ze the functional activities performed in other parts of the study
rotocol.

The advances in technology have continued to improve diag-
ostic and measurement tools, ultimately leading to better health
are. However, healthcare costs continue to escalate, pointing
o a need for low-cost, easily deployable solutions that can be
istributed to as many people as possible. In addition, uneven
ealthcare coverage based on individual’s economic and geo-
raphical status highlight the need for more decentralized care
nd attention to preventative and wellness programs (Park and
ayaraman, 2003). Technology has been proposed to address
hese needs such as via the creation of wearable monitoring sys-
ems and the use of the internet for decentralization and access.
he Shadow Monitor has been designed with these goals for
ervasive deployment.
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