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Traditionally, proprioception has been assessed with a passive model, in which an external apparatus
moves a body segment. Recently, protocols have been developed based on active movements, which are
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more representative of functional activities. However, even these approaches require expensive testing
equipment and the necessity of a visit to a research lab, as there are no commercially available mobile
instruments that allow for the assessment of proprioception outside of a laboratory setting. The objective
of this study was to demonstrate the validity and feasibility of using a mobile device (iPod Touch) to
assess joint position. We conducted a concurrent validity study in the lab (n¼9) and a field based study
(n¼79). The field based study was conducted at the 2012 American Society of Biomechanics meeting in
Gainesville, Florida. The results of both studies demonstrate good agreement with our established pro-
tocol using a magnetic tracking device, with angular errors decreasing with increasing shoulder flexion
angles. The studies demonstrate the validity and feasibility of using mobile devices for assessing motion-
based parameters, both inside and outside of a laboratory setting.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Mobile technology is expanding our ability to collect data
outside of a laboratory environment, and the field of biomechanics
is no exception. Several studies have taken advantage of motion
sensors built into smartphones and other mobile devices to assess
acceleration (LeMoyne et al., 2013; Wolfgang et al., 2014), physical
activity (Bergman et al., 2012; Nolan et al., 2014), gait (Furrer et al.,
2015; Sun et al., 2014), posture (Galan-Mercant and Cuesta-Vargas,
2014; Patterson et al., 2014) and range of motion (Bedekar et al.,
2014; Mitchell et al., 2014). However, to our knowledge, only one
published study has reported using this technology to assess
angular kinematics, in which head motion was measured for the
purpose of assessing gaze stabilization (Huang et al., 2014).

Previous work from our laboratory has demonstrated that with
low angular velocities and accelerations, angular kinematics can
be accurately calculated with the use of a triaxial accelerometer
(Amasay et al., 2010; Amasay et al., 2009). Since accelerometers
and gyroscopes are common in current mobile devices, this
technology has the potential for studying mobile-based assess-
ments of motion. The focus of the present study was to demon-
strate the ability of a mobile device to assess joint position sense
(JPS), which is a sub-modality of proprioception. JPS represents the
ability to identify the orientation of a limb in space, in the absence
una).
of vision. Many protocols for assessing JPS have used a passive
model, in which subjects had their limbs positioned by an external
device (Riemann et al., 2002). Our laboratory (Suprak et al., 2006)
and other investigators (Langan, 2014; Tripp et al., 2006) have
developed protocols based on active movements. However, these
approaches require timely setup, the necessity of a visit to a
research lab, and expensive testing equipment, such as electro-
magnetic tracking devices and motion capture systems. There is a
need for a more portable device that can be used in a clinical
setting (Clark et al., 2015; Hillier et al., 2015; Suetterlin and Sayer,
2014), so that our basic science understanding of proprioception
can be translated to clinical practice (Goble, 2010). The purpose of
this study was to compare the ability of a mobile device to mea-
sure JPS with that of a more established protocol with traditional
motion capture equipment. To accomplish this, we performed a
concurrent validity study in the lab and a field based study.
2. Methods

2.1. Subjects

For the lab based validity study, nine subjects were recruited from the general
university population. There were 6 males and 3 females, with a mean age of 26
years (SD 2), a mean height of 174 cm (SD 5), and a mean body mass of 72 kg (SD
14). Subjects were excluded if they had previous surgery on their shoulder. For the
field based study, subjects were recruited from attendees at the 2012 American
Society of Biomechanics (ASB) Annual meeting in Gainesville, Florida. A total of 129
subjects were tested (out of 539 attendees). Subjects answered a short ques-
tionnaire and any subject with a previous upper extremity injury requiring surgery

www.sciencedirect.com/science/journal/00219290
www.elsevier.com/locate/jbiomech
http://www.JBiomech.com
http://www.JBiomech.com
http://dx.doi.org/10.1016/j.jbiomech.2016.07.033
http://dx.doi.org/10.1016/j.jbiomech.2016.07.033
http://dx.doi.org/10.1016/j.jbiomech.2016.07.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2016.07.033&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2016.07.033&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2016.07.033&domain=pdf
mailto:karduna@uoregon.edu
http://dx.doi.org/10.1016/j.jbiomech.2016.07.033


E. S. Edwards et al. / Journal of Biomechanics 49 (2016) 3529–35333530
or physical therapy was eliminated from data analysis. Also, any subject who par-
ticipated in a sport involving overhead activity more than three times a week for
more than five years was also excluded from data analysis. This resulted in 79
subjects for analysis (47 male and 32 female), with a mean age of 34 years (SD 11), a
mean height of 174 cm (SD 10), and a mean body mass of 74 kg (SD 17). Both
studies were approved by the Institutional Review Board at the University of
Oregon and all subjects provided informed consent.

2.2. Protocol

Shoulder JPS was assessed with an active joint repositioning task, using an app
developed for the 4th generation iPod Touch (Apple, Cupertino, CA). This device has
a mass of 100 g, measures 4 cm�6 cm�0.6 cm and contains a 3-axis tri-axial
accelerometer and a 3-axis gyroscope. The angle of the device with respect to
gravity was calculated from the accelerometer data, as we have done previously for
an ambulatory tri-axial accelerometer (Amasay et al., 2009). The 95% confidence
interval of the accuracy of the iPod Touch to measure acceleration due to gravity is
1% (Khoo Chee Han et al., 2014). The JPS protocol used was a modification of a
protocol from our lab in which we used a magnetic tracking device to record
kinematics (King et al., 2013). Both protocols assessed JPS during shoulder elevation
with the same target angles and number of trials. However, instead of visual cues,
the app provides auditory commands to the subject, while subjects kept their eyes
closed. Additionally, kinematics are calculated with respect to gravity, rather than
with respect to a thoracic sensor (King et al., 2013).

Subjects were in a seated position on a stool with their feet flat on the ground,
sitting up straight. The iPod Touch was attached to the lateral side of their domi-
nant humerus with an armband (Fig. 1A). Subjects were instructed on the proce-
dure and allowed practice trials at non-test angles in order for them to become
familiar with the protocol. Subjects were told to only move their shoulder, keeping
their elbow locked in full extension with their thumb pointing upwards. For the
experiment, subjects were presented with three target ranges of shoulder flexion
angles: 50°, 70°, and 90°, each plus or minus two degrees (Fig. 1B). Each target
position was presented four times for a total of 12 trials, which were randomized.

At the start of a trial, there was a low frequency tone, which indicated that the
shoulder was below the target range (eg., 48°). When the subject elevated their arm
into the target range (eg., 48°–52°), the tone was silenced. If the subject overshoot
the range (eg., 52°), then there was a high frequency tone. Subjects continued to
adjust their elevation angle (increased elevation if there was a low tone and
Fig. 1. Picture of subject during testing protocol with iPod Touch mou
decreased elevation if there was a high tone), until they were in the target range
(no sound). They had previously been instructed to memorize their arm position
during this time. After the position had been held for two seconds, the subjects
were prompted by a “relax” cue, which instructed them to return to the starting
position (arm at the side). After three seconds, they were instructed to “find target,”
at which point they attempted to replicate the target angle they had just memor-
ized. The device recorded their repositioned angle when their velocity was less
than 0.25 deg/sec for a one second time period. Once the testing for a given angle
had finished, the subject was automatically prompted on to the next trial. The
differences between the actual angle reached with auditory cues and the reposi-
tioned angle, with no auditory cues, were calculated and the constant and variable
errors and was used for analysis (Schmidt and Lee, 2005). As noted above, the
actual angle was always within two degrees of the target angle.

For the field based study, only the iPod Touch was used. To help facilitate the
collection of data from as many subjects as possible, three subjects were tested
simultaneously. For the lab based study, subjects were also instrumented with a
Liberty magnetic tracking device (Polhemus, Colchester, VT), as described pre-
viously (Lin and Karduna, 2016). Sensors were mounted on the manubrium of the
sternum, the flat area of the acromion, and on the distal humerus via a custom-
molded cuff. Anatomic landmarks were palpated and digitized, using the standards
recommended by the International Society of Biomechanics (ISB) (Wu et al., 2005).
Kinematic data were converted from sensor coordinate systems to anatomic
coordinate systems. The JPS protocol was performed exactly the same as the field
based study, with the exception that kinematics data were collected simultaneously
from the iPod Touch and the magnetic tracking device. Errors were calculated from
both sets of kinematics data.

2.3. Statistical analysis

SPSS version 23 (IBM, Chicago IL) was used for statistical analysis. For the lab
based study, we performed paired t-tests, comparing constant and variable errors
between the iPod Touch and magnetic tracking devices at each target angle (50°,
70°, and 90°). For the field based study, we performed a one-way repeated mea-
sures analysis of variance (ANOVA) with target angle (50°, 70°, and 90°) as the
independent variable and constant and variable errors as the dependent variables.
Pairwise comparisons were performed when a significant main effect was found
with the ANOVA. Additionally, the data were qualitatively compared with the
results from our previous lab-based study of JPS (King et al., 2013).
nted on the arm. A) Shoulder at the side. B) Reaching for target.
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3. Results

For the lab based study, there were no significant differences at
any angles for both the constant errors (p40.40) and variable
errors (p40.05). The differences between the mean errors calcu-
lated with the iPod Touch and magnetic tracking device range
from 0.1°–0.4° (Fig. 2).

For the field based study, the results from the ANOVA
demonstrated a significant effect of target on constant error
(po0.001) and variable error (p¼0.025). Follow-up pairwise
comparisons revealed that constant errors at 50° (M¼4.5°) were
significantly larger than errors at 70° (M¼2.8°) and 90° (M¼2.3°).
Similarly, variable errors at 50° (M¼2.4°) were significantly larger
than errors at 70° (M¼2.1°) and 90° (M¼2.0°). These data are
similar to our previous study (King et al., 2013), both in terms of
the value of the errors, and the general shape of the response
(Fig. 3).
4. Discussion

With the exception of low tech options, like goniometers
(Vafadar et al., 2015), inclinometers (Dover et al., 2003), and laser
pointers (Balke et al., 2011), quantitative assessments of proprio-
ception have largely remained limited to laboratory settings. The
long-term goal of this project is to evaluate an inexpensive, por-
table and relatively quick method for the assessment of proprio-
ception that would be applicable in both a clinical and research
setting. Such an instrument would be useful in allowing larger
scale proprioception questions to be addressed. The main objec-
tives of the current study were to demonstrate the validity and
feasibility of using an iPod Touch.

Despite the numerous differences in kinematic assessment for
the iPod Touch (eg., greater mass, no thoracic sensor, gravity
based) when compared to a magnetic tracking device, our lab
based validation study demonstrated remarkable agreement
between the two approaches. It should be noted that this was a
concurrent validity study, so that the kinematic data were col-
lected simultaneously from both techniques, but that the iPod
Touch was used to guide the subject. An alternative approach
would have been to assess the subjects independently with an
iPod Touch and then again with a magnetic tracking device. It is
also important to note that this study was designed to validate the
outcome measures (JPS error) of the iPod Touch. It was not
designed to validate the general ability of the iPod touch to assess
joint kinematics.
Fig. 2. A) Constant errors and B) variable errors for the lab based validation study. D
measurements. Data represent means 7standard error of the means.
We were able to collect data on 129 subjects over a three-day
period at the 2012 ASB meeting. This short time frame is unrealistic
for most lab-based studies of JPS. We were able to test a large
number of subjects because of the short data collection and the fact
that we were able to collect data from three subjects simulta-
neously. There were no safety or technical complications that pre-
vented us from collecting data on any of the subjects. The con-
venience afforded by the iPod Touch for the collection of large-scale
data sets over short intervals makes it ideal for collecting field-
based data, for example at an athletic event or a nursing home. The
results in the present study are consistent with previous work from
our laboratory (King et al., 2013; Suprak et al., 2006) and others
(Balke et al., 2011; Hung and Darling, 2012; Vafadar et al., 2015) that
demonstrated that as shoulder targets approached 90° of elevation,
the errors of joint repositioning decreased. The present study
demonstrated a similar pattern although with a larger subject
population. When compared to King et al. (2013), which used the
same shoulder motion (flexion) and same targets (50°, 70° and 90°),
not only was there a similar trend observed, but the errors at each
of the target angles were similar in magnitude, with less than a one
degree of deviation (Fig. 2).

Mobile devices have been used to asses joint angles during
static tasks at the spine (Bedekar et al., 2014), elbow (Ferriero et
al., 2011), knee (Jenny et al., 2015), wrist (Kim et al., 2014),
shoulder (Johnson et al., 2015), and foot (Otter et al., 2015). In fact,
there are several commercial apps available on the iTunes store
that are specifically designed for clinicians or researchers to assess
joint angles (eg, DrGoniometer, Simple Goniometer, GetMyROM,
Knee Goniometer). However, we are not aware of any application
in which the dynamic assessments of joint motion can be incor-
porated into the app. Although the focus of the present study was
on shoulder JPS, we have also utilized this app for assessing JPS of
the elbow, wrist, knee and ankle and are optimistic that the app
has utility for multiple joints.

With the efficacy that this device provides, it not only allows
more data to be collected, but also allows the potential for wider
ranges of studies to be performed. In addition to allowing for a
large subject pool to be collected, wireless transmission of accel-
erometer data is possible. We used a cloud-based service (Drop-
box, San Francisco, CA) to view the data from a trial within 15 s of
it being collected, which allowed for the verification of proper
completion of the trial and also supplied immediate data response.
Furthermore, the device is portable, as well as efficient and easy to
use. The iPod Touch also provided verbal commands through
wireless headphones. These commands would allow for other
types of vibrotacile and auditory feedback to be used. For example,
ata are plotted vs target angle for both the iPod Touch and Polhemus kinematics



Fig. 3. A) Constant errors and B) variable errors for the field based study. Data are plotted vs target angle for the present study, compared with those of King et al., 2013. Data
represent means 7standard error of the means.

E. S. Edwards et al. / Journal of Biomechanics 49 (2016) 3529–35333532
an iPhone was used to deliver vibrotacile feedback, in assistance
with balance positioning (Lee et al., 2012). Our JPS app along with
other apps could be useful in the assessment of ROM, biofeedback
and training tools. We chose to use an iPod Touch because we did
not need cellular data; however, the app will work equally well on
an iPhone. Future versions could be targeted for Android based
devices.

It is important to acknowledge several limitations to this pre-
sent study. Firstly, because this is an ipsilateral remembered task,
this protocol may not be suitable for patients with short term
memory deficits (Goble, 2010). This would likely be more of a
concern to patients with neurological, as opposed to muscu-
loskeletal pathologies. Another consideration is that the device
measured angles with respect to gravity. Therefore, since the
device was attached to the humerus, we were unable to consider
or calculate the sway of the trunk. Traditional JPS studies are able
to account for trunk sway due to their ability to attach multiple
devices to the body. Finally, with the current version of the app,
we can only use an ipsilateral remembered model. However, it is
technically possible to link two devices together, which would
allow for a contralateral matching model to be used.
5. Conclusions

The results of the present study of JPS with an iPod touch was
found to be consistent with assessment made with a magnetic
tracking device, demonstrating that subjects had the highest
errors at 50° of shoulder flexion, with errors decreasing as flexion
angles increased. The iPod Touch provides an ideal platform for a
quick and in-expensive assessing joint position sense.
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