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including rehabilitation games and assessment.

Purpose of the Study: To determine effects of the Kinect location relative to a person on measurement
accuracy of upper limb joint angles.

Methods: Kinect error was computed as difference in the upper limb joint range of motion (ROM) during
target reaching motion, from the Kinect vs 3D Investigator Motion Capture System (NDI, Waterloo,

g?r{iirlti;éation Ontario, Canada), and compared across 9 Kinect locations.

Accuracy Results: The ROM error was the least when the Kinect was elevated 45° in front of the subject, tilted
Motion capture toward the subject. This error was 54% less than the conventional location in front of a person without
Arm movement elevation and tilting. The ROM error was the largest when the Kinect was located 60° contralateral to the
Upper limb joint angle moving arm, at the shoulder height, facing the subject. The ROM error was the least for the shoulder
range of motion elevation and largest for the wrist angle.

Discussion: Accuracy of the Kinect sensor for detecting upper limb joint ROM depends on its location
relative to a person.
Conclusion: This information facilitates implementation of Kinect-based upper limb rehabilitation ap-
plications with adequate accuracy.
Level of Evidence: 3b

© 2016 Hanley & Belfus, an imprint of Elsevier Inc. All rights reserved.

Introduction systems require a person to wear markers over the body to track the
person’s limb motion, the Kinect captures limb motion without the

. ) . ) need to wear any equipment on the body. This easy-to-use aspect of

The Kinect (Microsoft, Redmond, WA) is a low-cost motion the Kinect is also complemented by user-friendly interfaces for
detection device, originally developed for gaming purposes. The obtainment of processed data, once developed for a specific
Kinect provides kinematic data that used to be accessible only application. These practical benefits of the Kinect have fueled
through traditional research purpose motion capture .systems.l'[’ development of Kinect-based applications for telemedicine. These
Yet, the Kinect costs only a fraction of traditional motion capture  3ppjications include Kinect-based assessment tools to objectively
systems, 1s portable, and is less technically demanding to use. In quantify patient movements, evaluate rehabilitation progress, and
addition, although typical research purpose motion capture  4id planning of rehabilitation.'’-' In addition, Kinect-based virtual
reality rehabilitation games have been developed to motivate pa-

tients to continue therapeutic movements in the comfort of their
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Kinect games in physical therapy.>* Thus, the Kinect is considered a
promising tool to aid rehabilitation.?>%°

During the use of the Kinect sensor for movement assessment
and/or rehabilitation games, the manufacturer recommendation is
to place the Kinect horizontally in front of a person.”’” While this
Kinect location may work well for detecting movements in the
frontal plane, accuracy of the Kinect sensor may decrease for
movements in the sagittal plane. It is because the Kinect's mea-
surement error is the largest for the depth direction (ie, direction
from the Kinect sensor to a person) compared to the horizontal and
vertical directions. Specifically, the root mean square errors for the
Kinect sensor is 6.5, 5.7, and 10.9 mm in the horizontal, vertical, and
depth direction, respectively.?® In other words, accuracy of the
Kinect depends on its relative location to a person and movements
being captured, and the Kinect accuracy may be improved by
modifying the Kinect sensor location. For this reason, researchers
have used different Kinect locations relative to the movement of
interest. For example, Pfister et al*® placed the Kinect 45 to the left
of the person in the hope to best capture the knee and hip motions
during treadmill walking. However, the optimal placement of the
Kinect sensor has not been systematically investigated. The
knowledge of optimal Kinect placement may contribute to
increasing accuracy of joint angle measurements and utility of the
Kinect. The likely reason that the optimal Kinect placement has not
been established is that accuracy of the Kinect changes depending
on the movements>C due to the nonuniform measurement errors in
the 3 axes, and thus, the optimal Kinect placement may vary
depending on the movement of interest.

One of the movements of interest for upper limb therapy is
target reaching.’>>!"*? Target reaching motion is typically used in
upper limb rehabilitation settings as follows. First, people with
movement disorders, such as due to stroke??>? and burn injury,’>
practice target reaching motion for therapy because it is one of the
most important abilities for activities of daily living.** In addition,
target reaching motion is used as part of outcome assessments of
rehabilitation therapy programs for those with movement disor-
ders after stroke®"**>% and peripheral nerve injury.®’ Likewise,
target reaching motion has been used to characterize movement
disorders for patients such as those with stroke*®*! and muscular
dystrophy*? because of its ability to distinguish kinematic charac-
teristics of patients from healthy controls or the unaffected side as
well as its importance in our understanding of motor control.*4#>
Although target reaching motion is frequently used in upper limb
rehabilitation settings, information regarding accuracy of the Kin-
ect sensor in measuring all upper limb joint angles during target
reaching motion is limited for varying Kinect sensor locations.>

Therefore, the objective of this study was to examine mea-
surement accuracy of upper limb joint angles during target reach-
ing movement using the Kinect and to determine the impact of
adjusting the location of the Kinect sensor relative to a person on
the measurement accuracy. Specifically, Kinect error in the range of
motion (ROM) measurement was assessed as the difference in the
upper limb joint ROM detected by the Kinect using Kinect for
Windows Software Development Kit (SDK) (Microsoft, Redmond,
WA) and by 3D Investigator Motion Capture System (NDI, Waterloo,
Ontario, Canada). The 3D Investigator system was used as a
research-grade motion capture system as it has been used for
research involving upper limb*%*° and other motion analyses.”® A
smaller difference in the measurement between the 2 systems
would indicate better agreement of the Kinect to the research-
grade motion capture system and thus accuracy. The error in the
ROM measurement was compared across 9 Kinect sensor locations
to examine the extent to which this error changed with varying
Kinect sensor locations and to determine if the error in the ROM
could be reduced by modifying the Kinect sensor location as

compared with the standard location of being horizontally in front
of a person. This study intends to contribute to improving Kinect
positioning relative to a patient for better measurement accuracy
and standardizing a Kinect-based measurement protocol for an
upper limb rehabilitation setting, which is a necessary step for
implementation in clinical practice.

Methods
Subjects

Ten right-handed healthy subjects (age range, 20-37 years; 5
males and 5 females) participated in this study. The study protocol
was approved by the institutional review board, and all subjects
signed the informed consent forms.

Procedure

An experiment was conducted to quantify difference in the
ROMs for the upper limb joint angles determined using the Kinect
as compared with a research-grade motion tracking system of 3D
Investigator and to compare the difference across multiple Kinect
sensor locations. Subjects were seated with the right forearm
resting on a table. On computer-generated cues, subjects were
asked to lift their right arm, point their index finger toward a
prescribed target, and return to the initial position at a comfortable
speed (Fig. 1A), similarly with previous studies.>’*>3” Twenty-one
targets labeled from 1 to 21 were presented on the wall in front
of the subject to cover the upper limb workspace in front of a
person at or above the shoulder level (Fig. 1A). Subjects’ upper limb
joint positions were recorded using the Kinect and 3D Investigator
systems simultaneously. Each target for each Kinect location was
prescribed at least twice. The order of testing the targets was ran-
domized within a Kinect location. The order of testing Kinect lo-
cations was randomized across subjects. The consecutive reaching
was separated by 5 seconds. Subjects were provided with rest
breaks between Kinect location conditions.

Nine Kinect sensor locations were tested. The 9 locations
differed by the elevation and azimuth angle of the Kinect sensor
relative to the right shoulder (Figs. 1B and 1C): directly in front of
the right shoulder at 45° elevation (denoted by K45 ¢ in Fig. 1C), 30°
elevation and directly in front of the right shoulder (K3gp), 30°
elevation and 60° to the left (K3g,_60) or 60° to the right (K3p60), at
the shoulder level directly in front of the right shoulder (Ko ), 30°
to the left (Ko,—30) or to the right (Ko 30), or 60° to the left (Ko _g0) or
right (Ko o). For all locations, the Kinect sensor was tilted such that
the sensor faced the subject’s right shoulder. The Kinect sensor was
placed 1.5 m away from the right shoulder to ensure that the right
shoulder and hand were within the capture range recommended by
Kinect specifications®’ while minimizing the distance between
Kinect and the subject because the depth accuracy of Kinect de-
creases with increasing distance.’? Any shiny or dark objects such
as a watch were removed from subjects to prevent interference
with Kinect’s motion detection.”®>? The position data for the right
shoulder, elbow, and wrist joints in addition to hand in 3-
dimensional space were obtained using custom-developed soft-
ware with Kinect for Windows SDK.

During all reaching tasks, 3D Investigator system recorded po-
sitions of the infrared light-emitting markers placed on the sub-
ject’s upper limb to determine the shoulder, elbow, and wrist joint
positions as well as hand position in 3-dimensional space. The
markers were placed on the right upper limb: 3 markers on the
dorsum of the right hand, 2 markers on the right wrist (medial and
lateral), 3 markers on the right forearm, 2 markers on the right
elbow (medial and lateral), 3 markers on the right upper arm, and 1
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