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Introduction

Recent technological advancements have enabled medical, sport, and fitness
professionals to utilize digital tools that assist with conducting movement examinations
and screenings. One such advancement has been the implementation of a single camera,
markerless, and portable 3D motion capture system designed to obtain ROM
measurements for multiple body parts simultaneously. However, the reliability and
validity of a markerless 3D motion capture system that uses a single camera has not been
established.

Purpose

The purpose of this study was to investigate the reliability and concurrent validity of this
3D motion capture system compared to a goniometer in assessing ROM of the
glenohumeral joint.

Study Design

Quasi-experimental reliability, convenience sampling.

Methods/materials

Forty healthy volunteers (mean # SD, age 27.4 + 12.4 years, height 173.4 + 11.1 cm,
weight 72.1 # 16.2 kg) participated in this study. Intrarater reliability was analyzed by
ICC(Z’k) with a 95% CI using two repeated trials for each shoulder movement (flexion,
abduction, external rotation, internal rotation) that were recorded simultaneously via
two methods: a standard goniometer and a 3D motion capture system. Concurrent
validity was analyzed using Pearson Correlation Coefficient (7).

Results

The intrarater reliability between the two instruments for glenohumeral motions yielded
an overall ICC of 0.82 (95% CI: 0.74-0.88) indicating good reliability for both instruments.
The 3D motion capture system demonstrated strong correlations with goniometry for
shoulder flexion (r = 0.67), abduction (r = 0.63), and external rotation (r = 0.76), and very
strong correlation for shoulder internal rotation (r = 0.84).
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Conclusion

Results from this study indicated that a markerless, single camera, portable 3D motion
capture system can be a reliable and valid tool to assess glenohumeral joint ROM in

comparison to a standard goniometer.

Level of Evidence
3

INTRODUCTION

Range of motion (ROM) assessments are commonly per-
formed by healthcare professionals including physical ther-
apists, occupational therapists, chiropractors, physicians,
and other medical professionals when the focus of rehabili-
tation is related to the musculoskeletal and neuromuscular
systems. Range of motion measurements assist healthcare
professionals in monitoring progress during the rehabilita-
tion process.! These assessments are also important for es-
tablishing baselines, functional limitations, or dysfunction
in ROM due to injury or disease. They are also often used
in sports performance evaluations for athletes who want
to increase strength and joint mobility, regardless of injury
status.2 Prior authors have reported that adequate ROM is
fundamental to perform functional activities of daily living
and meet vocational demands.35 Thus, it is important for
healthcare providers to assess and reassess ROM during the
physical rehabilitation process to ensure sufficient progress
towards return to function.

Physical therapists and other healthcare professionals
use various methodologies and tools to assess ROM. Some
healthcare professionals utilize standardized objective
tools such as a goniometer, inclinometer, or a smartphone
while other healthcare professionals implement more sub-
jective techniques such as a visual estimation or by ob-
serving functional movement patterns.l,6-8 The goniome-
ter is a gold standard tool commonly used by healthcare
professionals to assess joint ROM, and also is a primary in-
strument used in higher education to teach future health-
care professionals how to assess joint ROM. Goniometry
has been used widely due to its portability and low cost.®
10 However, a limitation of goniometry is that it requires
the clinician to use both hands, making stabilization of the
extremity difficult, and thus increasing the risk of error in
reading the instrument.?

In recent years, digital tools ranging from electrogo-
niometers with simple flex sensors, to more complex ma-
chine learning-based systems are becoming more widely
utilized in clinical practice. Motion capture systems are a
subset of these digital tools that have shown great promise
for accurate and timely measurements in the domain of hu-
man movement analysis, including ROM assessment.11-15
Two-dimensional (2D) motion capture systems such as
smartphones utilize readily accessible technology but are
limited in their ability to assess ROM, when a picture or
video is captured it does not account for depth and the per-
ceived angles of the objects, thus the frame is largely de-
pendent on the perspective of the lens.16 This is referred
to as parallax error. Therefore, if a person is not positioned

precisely in front of the camera their joint angle measure-
ments may be skewed.

Three-dimensional (3D) motion capture systems that
implement Light Detection and Ranging (LiDAR) technol-
ogy use light emitted from a pulsed laser to measure dis-
tance. LiDAR and other depth sensing technology afford
clinicians high fidelity data models and more accurate spa-
tiotemporal representations of body movements, which re-
sult in greater reliability and validity of ROM assessments
when compared to 2D motion capture tools.!” Unfortu-
nately, many 3D motion analysis systems are complex to set
up, require multiple cameras, are costly, and not portable,
making them inaccessible to healthcare providers.18

With recent advancements in technology, new digital
tools have been introduced that assist medical, sport, and
fitness professionals in performing examinations and
screenings. One recent advancement introduced was a 3D
motion capture system that uses a single camera, is mark-
erless, and portable (Kinotek, Inc., Portland ME). This sys-
tem was designed to obtain ROM measurements for mul-
tiple body parts simultaneously. The system is capable of
measuring 64 distinct movements and 750 data points per
visual analysis using 30fps.12 For each analysis, the soft-
ware outputs objective data on ROM, asymmetries present
between right and left, and a quality movement graph that
provides metric analysis for motion tracking for the entirety
of the movement (Figure 1A-C). The software provides pre-
and post-movement comparisons, progress charts, and
other data that can be easily translated to written docu-
mentation. In addition, this system generates an avatar of
the individual for 3D visuals which can rotate 360° enabling
the user to focus on specific areas during motion track-
ing for optimal visualization. This system uses Microsoft’s
Azure Kinect camera, which is commercially available, and
relatively inexpensive compared to other 3D motion cap-
ture systems on the market. The setup is simple and can be
completed by a single user without assistance. The system
is portable, cost effective, and works via a WiFi connection
to any compatible device, such as a laptop. However, the re-
liability and validity of a markerless 3D motion capture sys-
tem that uses a single camera has not been established. The
purpose of this study was to investigate the reliability and
concurrent validity of a markerless, single camera, portable
3D motion capture system compared to goniometer in as-
sessing ROM of the glenohumeral joint.
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Figure 1B. 3D Motion Analysis Software Motion
Tracking by Avatar produced via the markerless system

MATERIALS AND METHODS
PARTICIPANTS

Healthy individuals were recruited on a voluntary basis by
distribution of flyers at a local university. Participants were
eligible to participate in the study if they were at least 18
years of age, had the ability to perform movements bilater-
ally, and had the ability to demonstrate the specified move-
ments without loss of balance. Participants were excluded
from this study if they were taking any medications that
impair balance or ability to think, had any recent injuries
that are still being treated by a healthcare provider, if they

had active pain or tingling/numbness during the time of
data collection, or were not able to provide consent.

ETHICAL APPROVAL

Ethical approval for this study was granted by Hofstra Uni-
versity Institutional Review Board. Prior to data collection,
participants reviewed and signed an informed consent.

INSTRUMENTS

The instruments utilized for data collection are represented
in Figure 2 (A-B), which included one (A) Full-circle stan-
dard 12-inch plastic goniometer and (B) 3D motion capture
system (Kinotek Inc., Portland ME). The goniometer is as a
commonly used tool by healthcare providers for assessing
joint ROM and identifying body asymmetries, and previous
studies reported this tool to be a reliable and valid option
for measuring ROM in various joints of the body.3,12,20-24
Thus, for data collection the goniometer was used in this
study to compare measurements between the 3D motion
capture system and a standard tool commonly utilized by
healthcare professionals.

TESTER SELECTION AND PROCEDURE

The tester selected for this study was a licensed physical
therapist with 15 years of clinical experience that com-
monly uses a goniometer in clinical practice. In addition,
the tester had experience as an educator in a class that
taught goniometry to physical therapy students. To assess
the reliability of the tester, five repeated goniometric mea-
sures were taken by the tester and statistically analyzed for
intrarater reliability. For data collection, the same tester
took all measurements with the goniometer. The tester was
blinded to the displayed readings while positioning the go-
niometer on the participant and a second person recorded
the readings. For this study, active ROM of the gleno-
humeral joint was measured (abduction, flexion, external
rotation, internal rotation). Each of the movements were
performed with the participant positioned in a standing po-
sition and seven feet from the camera, as demonstrated in
Figure 3. The room was set up with the floor marked at
seven feet from the center of the camera, forward facing
towards the camera. The camera was positioned with a 6°
tilt upwards at a height aligned to the mid-pelvic region.
Each participant was given a verbal cue to start active ROM
for each of the shoulder movements while the camera was
recording, and instructed to stop at the end of the available
range and hold the position while the testers recorded the
goniometric measurement. Verbal instructions were stan-
dardized so that all participants received the same verbal
cueing. Prior to each movement, participants were shown
a visual demonstration of the movement and were also in-
structed on potential body substitutions with each move-
ment. Then, one practice trial was performed. After the
trial, the tester provided feedback to the participant to mit-
igate any further extraneous variables that were identified
pertaining to the movement such as body substitutions and
speed of movement. Two additional trials for each move-
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Figure 1C. 3D Motion Analysis Software Motion Tracking by Movement Report.
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Figure 2. (A) Full-Circle Standard 12-inch Plastic
Goniometer, B) 3D Motion Capture System (Kinotek
Inc., Portland ME).

ment were then recorded that were used for data analysis,
following the procedure described above.

STATISTICAL ANALYSIS

Data were analyzed using SPSS Statistics v28 (Armonk, NY).
Intrarater reliability was determined using the Intraclass
Correlation Coefficient 2K with a 95% Confidence Interval.
Descriptive statistical analysis was also performed to ana-
lyze the demographic information collected from the sam-
ple of participants. Concurrent validity was determined us-
ing the Pearson Correlation Coefficient (r) by comparison of
the averaged readings from the two trials using both instru-
ments.

RESULTS

The total sample size of participants meeting inclusion cri-
teria was 40; 29 who identified as female and 11 who iden-
tified as male. The average age for participants was 27.4
12.4 years with age ranging from 18 to 62 years old. The av-
erage height and weight for participants was 173.4 + 11.1
cm and 72.1 *+ 16.2 kg, with a range of 152.4 to 193.0 cm and
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Figure 3. Participant Positioning

47.2 to 116.6 kg respectively. A total of 80 shoulders were
measured.

MEASURED VALUES

The mean and Standard Deviation for each shoulder move-
ment recorded by both instruments is reported in Table 1.

RELIABILITY

The intrarater reliability between the Goniometer and 3D
motion capture system for shoulder abduction, flexion, ex-
ternal rotation, and internal rotation is reported in Table 2
with ICCx 1y values and a 95% CI along with the Standard
Error of Measurement (SEM). The analysis yielded an over-
all ICC of 0.82 (0.74 - 0.88) indicating good reliability for
both instruments.

VALIDITY

The Pearson Correlation Coefficient (r) was analyzed to es-
tablish concurrent validity. Figure 4 (A-D) illustrates the re-
lationships between the goniometer and 3D motion capture
system for glenohumeral abduction (r = 0.63, p <0 .001),
flexion (r = 0.67, p < 0.001.), external rotation (r = 0.76, p <0
.001), and internal rotation (r = 0.84, p < 0.001)

DISCUSSION

The purpose of this study was to investigate the reliability
and concurrent validity of a markerless, single camera,
portable 3D motion capture system compared to a go-
niometer in assessing active ROM of the glenohumeral
joint. While other studies have investigated the reliability
and validity of multi-camera 3D motion capture systems,
the reliability and validity of a markerless 3D motion cap-
ture system that uses a single camera has not been estab-
lished.

Reliability and validity are important to establish for
tools and technologies, especially when being used by
healthcare or sports professionals. Portney and
Watkins25(®P77) describe that “usefulness of a measurement
and decision-making depends on the extent of its reliability
and validity, where reliability refers to the extent of con-
sistency in repeated measures and validity refers to the
extent of accuracy or if the tool is measuring what it is
intended to measure”. They conclude that reliability and
validity are fundamental to all aspects of a measurement,
because without it one cannot have confidence in the data
collected nor draw sound conclusions from those data. The
current study found, for concurrent validity measurements
with the 3D motion capture system were comparable to
those taken with the standard 12-inch plastic goniometer
with correlation values ranging from 0.63 - 0.84 indicating
high to very high correlation between the instruments,
where 0 < r < 0.19 = very low correlation, 0.2 < < 0.39 = low
correlation, 0.4 < r < 0.59 = moderate correlation, 0.6 < r <
0.79 = high correlation, and 0.80 < r < 1.0 = very high corre-
lation.26:27 The measurements obtained using both instru-
ments yielded intrarater reliability in the range of ‘good’
overall.Z8 These results are comparable to previous research
that reported good intrarater reliability when utilizing sim-
ilar measurement procedures.!1-14.29 Macedo and Magee28
reported on passive ROM of peripheral joints, which in-
cluded the shoulder joint, on healthy adult females. They
reported the SEM for the goniometer to be 3.5° while the
Minimal Detectable Change (MDC) at a 95% CI ranged from
4° to 21° with a mean of 9.6°. Results from the current
study reported results consistent with those previously re-
ported.

Range of motion assessments are important for evalu-
ating the effectiveness of treatment over time, establish-
ing baselines, limitations, or dysfunction in ROM due to
injury or disease, and monitoring progress during the reha-
bilitation process.130:31 Advancements in technology have
introduction new digital tools that assist medical, sport,

Table 1. Mean and Standard Deviation for Glenohumeral Motion using the Goniometer and 3D Motion Capture

System.
Abduction Flexion ER IR
Mean® (SD) Mean® (SD) Mean® (SD) Mean® (SD)
Goniometer 171.03(7.09) 152.38(8.29) 84.03(15.60) 40.92(14.37)
Kinotek 170.95(6.06) 158.39 (9.90) 75.56(12.78) 47.44 (14.21)

SD=Standard Deviation; ER=External Rotation; IR=Internal Rotation
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Table 2. Intrarater Reliability of measurements taken with the goniometer and 3D Motion Capture System.

Abduction Flexion

External Rotation Internal Rotation

B IC
Gomiometer ICC ICC =0.76 (0.64-0.84)

=0.83(0.75-0.89)

ICC =0.94(0.91-0.96) ICC =0.90(0.85-0.94)

(95% CI) SEM® SEM=0.71 SEM = 0.90 SEM =174 SEM =1.55

ICC =0.64(0.49-0.75) ICC =089 ICC=0.92(0.88-0.95) ICC=0.68(0.54-0.79)
Kinotek ICC (95% SEM = O 68 ’ ’ (0.83-0.93) SEM = 1 41 ’ ’ SEM = iSOl. ’
Cl) SEM® ’ SEM=1.08 ’ ’

1CC = Intraclass Coefficient; SEM = Standard Error of Measurement; CI = Confidence Interval

Shoulder Abduction

Kinotek Avg (Degrees)

150 155 160

165 170 175 180 185

Goni Avg. (Degrees)

Figure 4A. Relationship between measures from the standard goniometer and 3D motion capture for shoulder
abduction on the standard goniometer and 3D motion capture.

and fitness professionals in performing examinations and
screenings. Results from this study demonstrated a strong
positive correlation between Kinotek and the goniometer.
There are several benefits of incorporating 3D motion
analysis for ROM assessment. First, 3D motion capture pro-
vides motion tracking throughout the entirety of the active
ROM, which allows greater insight to the quality of the
movement while also allotting the operator to stop the
movement at any point during the movement. Another
benefit is that this 3D motion capture software generates
an avatar of the individual being recorded. The avatar can
be rotated and viewed in the frontal, sagittal, and trans-
verse plane allowing the operator to view the individual’s
movement at any angle (Figure 1B). However, a standard
goniometer costs significantly less than a 3D motion cap-
ture system, has greater portability, and is still widely uti-
lized by postsecondary institutions to teach joint ROM as-
sessment.

This research study had limitations in that the data col-
lected were on healthy individuals. It would be advanta-
geous in future studies to consider a sample with mobility

impairments or conditions or of different populations such
as those with musculoskeletal and neuromuscular disor-
ders, as active ROM of the glenohumeral joint in healthy in-
dividuals may not correlate with those who have shoulder
pathology. A power analysis was conducted prior to data
collection to determine the approximate sample size
needed to produce a meaningful effect size, and although
40 participants (80 shoulders) met these criteria, a larger
sample size would also be beneficial in future studies to
further strengthen the generalizability of any conclusions.
While this study found promising results for reliability and
validity of glenohumeral active ROM, it is recommended
that future studies investigate other joints using this 3D
motion capture system to investigate the reliability and va-
lidity of this newer technology. Despite these limitations,
this study provides a promising future for physical thera-
pists and other healthcare professionals who focus on re-
habilitation and sports performance evaluations, as the 3D
motion capture system can be a reliable and valid alterna-
tive to the goniometer in assessing joint ROM.
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Figure 4B. Relationship between measures from the standard goniometer and 3D motion capture for shoulder
flexion on the standard goniometer and 3D motion capture.
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Figure 4C. Relationship between measures from the standard goniometer and 3D motion capture for shoulder
external rotation on the standard goniometer and 3D motion capture.

CONCLUSIONS valuable in rehabilitation related to the musculoskeletal
and neuromuscular systems. However, they have not been
widely used by healthcare and sports professionals due to
its limited portability, large size, use of multiple cameras,
high cost, and complexity of operation. A 3D motion cap-
ture system that is portable, markerless, and uses a single
camera can offer physical therapists and other healthcare

This study found acceptable reliability and validity of the
3D motion capture system in comparison to standard go-
niometric measurments when assessing glenohumeral joint
active ROM. Three-dimension motion capture systems are
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