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a b s t r a c t

Recording posture and movement is important for determining risk of musculoskeletal injury in the
workplace, but existing motion capture systems are not suited for field work. Estimates of the 3-D
relative positions of four 0.10 m cubes from the Kinect were compared to estimates from a Vicon
motion capture system to determine whether the hardware sensing components were sensitive enough
to be used as a portable 3-D motion capture system for workplace ergonomic assessments. The root-
mean-squared errors (SD) were 0.0065 m (0.0048 m), 0.0109 m (0.0059 m), 0.0057 m (0.0042 m) in
the x, y and z directions (with x axis to the right, y axis away from the sensor and z axis upwards). These
data were collected over a range of 1.0e3.0 m from the device covering a field of view of 54.0 degrees
horizontally and 39.1 degrees vertically. Requirements for software, hardware and subject preparation
were also considered to determine the usability of the Kinect in the field.

� 2011 Elsevier Ltd and The Ergonomics Society. All rights reserved.

1. Background

Recording posture and movement is important for determining
risk of musculoskeletal injury in the workplace (Vieira and Kumar,
2004). Existing lab-based three-dimensional (3-D) motion capture
systems are of limited use for performing ergonomic assessments
in the field. Both active (e.g. NDI; Waterloo, Ontario) and passive
(e.g. Vicon Motion Systems; Los Angeles, California) video based
systems are difficult to use in real-world applications due to
complexity, bulk and space requirements (Best and Begg, 2006).
Magnetic tracking systems (e.g. Polhemus; Colchester, Vermont)
are not as bulky and require less space but they tend to have limited
accuracy due to magnetic field distortions caused by large metal
objects common to industrial environments (Best and Begg, 2006).
Inertial measurement systems (e.g. Xsens; Enschede, Netherlands)
are a possible alternative for portable 3-D motion capture but are
also susceptible to measurement error due to nearby metal (Brodie
et al., 2008). As a result of these limitations, task analysis in the
workplace is commonly limited to 2-D video analysis (Waters et al.,
2006).

The Kinect� sensor add-on for the Xbox 360� video game
platform (Microsoft; Redmond, Washington) may offer portable
3-D motion capture capabilities that overcome the limitations of

existing systems. The Kinect was designed to allow users to interact
with the gaming system without the need for a traditional hand-
held controller. Instead, the sensor recognizes the user’s gestures
and voice commands. The key to gesture recognition is the device’s
“depth camera”which consists of an infrared laser projector and an
infrared video camera mounted within the sensor bar (Fig. 1). The
system uses the infrared camera to detect a speckle pattern pro-
jected onto objects in the sensor’s field of view (Fig. 2). The Kinect is
able to create a 3-D map of these objects by measuring deforma-
tions in the reference speckle pattern. The sensor bar also houses
a colour video camerawhich provides colour data to the depthmap.
The sensor bar also contains an array of four microphones and is
connected to a motorized base that allows the sensor bar to be
tilted up and down. The technology was developed by PrimeSense
(Tel-Aviv, Israel) and is disclosed in detail in their patents
(Freedman et al., 2010; Shpunt, 2010; Spektor et al., 2010).

The Kinect may be a leap forward in 3-D motion capture tech-
nology. If the Kinect sensor has comparable accuracy of existing lab-
based systems, it will provide a compact, portable motion capture
system allowing workplace ergonomic assessments to be done
simply and inexpensively. The objective of this work is to determine
the range, field of view and accuracy of the Kinect to allow occu-
pational ergonomists to decide if the sensor could be used as
a portable 3-D motion capture system for performing workplace
biomechanical assessments. A Vicon motion capture system was
used as a gold standard reference to determine the Kinect’s 3-D
depth mapping capabilities. This initial investigation focused
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mainly on the capabilities and characteristics of hardware sensing
components of the Kinect sensor, but some considerationwas given
to the software, hardware and subject preparation requirements
that would be needed to make it an effective motion capture tool.

2. Materials and methods

A Kinect sensor was connected to the USB port of a Dell XPS600
desktop computer with 2GB ram, 2.8 GHz dual core Intel Pentium
processor running the Ubuntu 10.10 operating system. Data from
the Kinect was collected using Kinect RGB Demo v0.3.0 software
(Burrus, 2011). The software included drivers for communicating
with the sensor via USB, a utility for calibrating the sensor as well as
the ability to save the 3-D image data and later export the data from
each depth map to a text file. The Kinect sensor was calibrated
using an A3 size checkerboard pattern (printed and glued on a piece
of 0.005 m thick foamcore) as shown in Fig. 2. The checkerboard
was held in front of the sensor while its image was simultaneously
captured by the Kinect’s colour and depth cameras at 32 different
positions. The calibration process removed lens distortion from
both the colour and depth cameras as well as determined the
mapping between depth and colour images such that the colour
image could be overlaid on top of the depth image. The resulting

pixel projection error was found to be 0.942. A seven camera Vicon
motion capture system (3 MX 3þ cameras and 4 MX 40þ cameras
all collecting at 100 Hz) was also calibrated using a 0.390 m wand.

To create motion capture markers, white card stock was used to
construct four 0.100 m cubes. A 0.100 m by 0.100 m square of
florescent green card stock was glued to the front face of each cube
and a 0.0254 m diameter reflective marker was attached to the
centre of the top face of each cube using double sided tape. These
four marker cubes were designed such that the front green face
could be tracked by the Kinect sensor while the reflective marker
could be simultaneously tracked by the Vicon system. The Kinect
sensor was located at a height of 0.50 m from the floor. Fig. 3 is
a 3-D reconstruction, captured using the Kinect, that demonstrates
how the four markers were typically positioned. Three of the
markers were placed on the floor creating x and y axes (The x axis is
pointed to the right of the origin marker and the y axis is pointed
away from the Kinect as shown in Fig. 4. Choosing a right handed
coordinate system resulted in the positive z axis pointing upwards).
The x and y axis markers were each located 0.920 m away from the
origin marker. These three markers remained in the same fixed
position for the duration of the study. The fourth marker, or the
“target”, was then consecutively placed at each of the black circles
on the floor (shown in Fig. 4). The 3-D coordinates of all four
markers were recorded by the Vicon and the Kinect at each posi-
tion. Next the target marker was mounted on top of a height-
adjustable tripod using double sided tape. The target marker was
again positioned over each of the black circles shown in Fig. 4 with
the height of the tripod set to 0.40 m, 0.80 m, 1.20 m and 1.70 m,
and 3-D position data was collected for all markers with both
systems. Microsoft specified the depth sensor range of the Kinect as
1.2 m to 3.5 m (Play.com, 2010). Pilot testing found that the Kinect
was able to detect objects as close as 0.477 m. However, at this
distance, the field of view was only w0.50 m wide and w0.37 m
high, and therefore too small to be practical for data acquisition.
This investigation tested the accuracy of the Kinect over the range
of 1.0 m to 3.6 m (Fig. 4). The testing space was designed such that
there would be enough space for a person to stand and perform
a stationary task in the resulting field of view.

In some cases, one of the origin, x or y axis markers were
occluded by either the tripod or the target marker mounted on top

Fig. 1. The Kinect sensor bar shownwith laser light source, colour camera and infrared
camera.

Fig. 2. Speckle pattern from the Kinect’s laser projector on the checkerboard pattern
used for calibration (as seen by the infrared camera).

Fig. 3. A depth map showing locations of the reference coordinate axes cubes and the
target marker (mounted on a tripod). Depths were recorded using the Kinect sensor.
The black areas represent gaps in the depth map where light sent from the laser
projector was not reflected back to the Kinect’s infrared camera.
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of the tripod. In these cases, the tripod was moved slightly to one
side or the tripod’s height was adjusted to ensure all four targets
were visible to the Kinect sensors. In a number of cases the target
marker was positioned outside the Kinect’s field of view. In these
cases no data was collected. In total, 104 different target marker
positions were collected with both the Vicon and Kinect systems.
This investigation was limited to capturing markers in static posi-
tions to avoid the need for synchronization of the Kinect and Vicon
systems. The Vicon system acquired for one second (100 samples
@100 Hz) for each target position. A 3-D depth map of the same
marker positions was also captured using the Kinect sensor with
Kinect RGB Demo v0.3.0 software (Burrus, 2011) and was subse-
quently exported to a text file. Vicon Nexus 1.4.115 was used to
process and export 3-D coordinates collected by the Vicon system
to a comma separated variable (.csv) file.

A custom Matlab program was written and used to read in and
display the Kinect depth map. The 3-D coordinates of the centre of
each green face of the four target cubes were found. A coordinate
transformation was performed on the Kinect data so that the
coordinates of the target marker were determined relative to the
three axis markers. The custom Matlab program was also used to
read in the Vicon coordinate data. The 100 samples for each marker
were averaged and again a coordinate transformation was per-
formed to find the target marker coordinates relative to the axis
markers. Finally, the x, y and z coordinates determined by the
Kinect and Vicon system were compared by calculating the root-
mean-squared (RMS) error between the two systems for each of
the 104 different positions of the target marker using the Vicon
system as the gold standard.

A second coordinate transformation was done to shift the RMS
errors to a coordinate system with the Kinect located at the origin
as represented by x0, y0 and z0 in Fig. 4. This transformationwas done
to simplify the description of the results and discussion in the
sections that follow.

3. Results and discussion

Stem plots of the RMS errors of the 104 data points collected by
the Vicon and Kinect systems are shown in Fig. 5. RMS errors in the
x and y directions are shownwith respect to the x and y position in
the capture volume. RMS errors in the z direction are shown with
respect to their y and z positions in the capture volume.

3.1. Accuracy

The RMS errors (SD) were found to be 0.0169 m (0.0299 m),
0.0348 m (0.0765 m) and 0.0141 m (0.0250 m) in the x, y and z

directions, respectively. As shown in Fig. 5aec, the largest errors
were measured for marker positions that were furthest away from
the Kinect (large values of y). When points where y> 3.0 m were
disregarded, mean RMS errors (SD) dropped to 0.0074 m
(0.0061 m), 0.0120 m (0.0112 m), 0.0074 m (0.0075 m) in the x, y
and z directions, respectively (N¼ 67). Also, errors were found to be
considerably larger when the fourth target camewithin 25 pixels of
the edge of the depth image (when the absolute values of the x and
z coordinates were large). These larger errors near the edges were
likely due to decreased coverage of the checkerboard near the
edges of the depth image during calibration. Therefore, with points
within 25 pixels from any edge removed, the accuracy of the system
further increased. The RMS errors were reduced to 0.0065 m
(0.0048 m), 0.0109 m (0.0059 m), 0.0057 m (0.0042 m) in the x, y
and z directions, respectively (N¼ 60). It is possible these calibra-
tion errors could be reduced with improved calibration techniques.

3.2. Effective field of view

The field of view of the Kinect’s raw colour camera output was
61.8� in the horizontal plane and 47.4� in the vertical plane. The
depth sensor had a smaller field of view than the colour camera and
therefore defined the overall field of view of the systemwhich was
58.6� and 43.6� in the horizontal plane and vertical planes,
respectively. These measurements agreed well with Microsoft’s
advertised 57� and 43� horizontal and vertical fields of view
(Play.com, 2010). However, the effective field of view decreased to
54.0� horizontally and 39.1� vertically when the 25 pixel wide
regions at the edges of the view were excluded as discussed in
section 3.1. This effective field of view corresponds to the 3D
measurement volume shown in Fig. 6.

3.3. Object detection

Pilot testing indicated that detecting an object in front of the
Kinect was dependent on the reflectivity of the object’s surface. The
Kinect had trouble detecting dark surfaces that absorbed light. It
was also blind to shiny surfaces that resulted in specular reflection
and even rough surfaces if the angle of incidence of incoming light
was too large. In all these cases, laser light sent from the laser
projector was not reflected back to the Kinect’s infrared camera
resulting in gaps in the 3-D reconstruction. The probability of an
object being detected by the Kinect decreased as the object was
moved further from the sensor.

A related problem of poor object edge detection was also noted.
Objects were often represented with ragged edges in the Kinect’s
3-D reconstructions (as shown on the edge of the target marker in
Fig. 3). These ragged regions were typically 2e3 pixels wide in the
depth image. This indicated there was increased uncertainty
regarding the 3-D locations of object edges compared to the broader
flat areas of the object. This investigation was designed to avoid
these edge effects by determining the coordinates at the centre of
the green face of the marker cube. Similar techniques could be used
for data collection with human subjects as discussed in section 3.4.

3.4. Usability as a 3-D motion capture system

The results of this study indicated the accuracy of a Kinect
motion capture systemwould be at least an order of magnitude less
than that of a Vicon system (Kuxhaus et al., 2009). However,
considering skin movement artifacts can introduce errors as large
as 0.0161 m (Benoit et al., 2006), the Kinect’s accuracy may be
acceptable as it falls in a similar range. Users may also consider
sacrificing some accuracy for portability. At the very least, the
Kinect would provide more information to investigators who

Fig. 4. Diagram of the target locations relative to the Kinect sensor as well as the
coordinate reference frames used for this study. All dimensions are in metres.
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currently utilize posture matching techniques from 2-D video
recordings for their assessments using software like 3DMatch
(Parkinson et al., 2011; Sutherland et al., 2008). Incorporating the
Kinect could dramatically reduce the amount of manual labour
involved in binning postures for various body parts frame by frame.
However, before the Kinect can be deployed in the field, a number
of practical usability issues must be addressed.

3.4.1. Software requirements
The largest limitation to using the Kinect as a 3-Dmotion capture

system in its current form is the software interface. The software
used for this investigation, Kinect RGB Demo v0.3.0, could be used for
data collection as it includes the ability to automatically capture
depth maps at 3 Hz. This frame rate has been shown to be sufficient
for analyzing work in industrial environments with posture
matching software (Andrews and Callaghan, 2003). However
a customapplication is needed to improve thedata processingphase
byautomating somepartswhich are repetitive and time consuming.
Such an application could be developed easily. Another simple
improvement would be to increase the capture speed beyond 3 Hz.
Evenwith the existing Kinect RGB Demo software, the refresh rate is
reported as>20 Hz. It is onlywhen these depthmaps are to be saved
that the rate drops to 3 Hz. This indicates that some coding effi-
ciencies could easily increase the capture rate closer to 20 Hz.

3.4.2. Hardware requirements
This investigation was done with the Kinect connected to

a desktop PC. However, pilot testing indicated that an Acer Aspire
One D150-1358 netbook PC containing a 1.6GHz Intel Atom N270
processor with 1GB RAM running Ubuntu 10.10 was also able to
support data collection, though at a slower frame rate (w1 frame
per second rather than 3). A faster laptop PC could easily provide
equivalent if not better performance than our desktop PC and
provide a portable motion capture solution. For a fully portable
and wireless embodiment, the 110 V AC power source would
simply need to be replaced with a battery capable of providing
12 V DC at 1A as has been shown for robotics applications (Wise,
2010).

3.4.3. Subject preparation for motion capture with the Kinect
The Kinect’s limitations with surface and edge detection, dis-

cussed in section 3.3 above, can be minimized simply by using
markers of appropriate size made from appropriate materials. It
may take some trial and error to find optimal methods for marker
design and placement for usewith the Kinect. A reasonable starting
point would be to attach 10 cmwide circular discs or squares made
of brightly coloured cardstock over a subject’s clothing. The point of
interest on the subject’s body would be aligned with the centre of
the coloured disc. The colour of these markers should be chosen

Fig. 5. a. Stem plot of RMS errors for the x coordinate plotted with respect to the x and y coordinates of the target marker position. ‘x’ stems represent discarded data points while ‘o’
stems denote points that remain within the final 3D capture volume. b. Stem plot of RMS errors for the y coordinate plotted with respect to the x and y coordinates of the target
marker position. ‘x’ stems represent discarded data points while ‘o’ stems denote points that remain within the final 3D capture volume. c. Stem plot of RMS errors for the z
coordinate plotted with respect to the y and z coordinates of the target marker position. ‘x’ stems represent discarded data points while ‘o’ stems denote points that remain within
the final 3D capture volume.
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such that they are easily distinguishable from the background.
Finally, the surface of the cardstock should have a matte finish to
prevent specular reflection that would cause gaps to appear in
resulting depth maps.

With a single Kinect sensor, only the markers on one side of the
subject would be visible to the device. However, it may be possible
to add a second Kinect sensor to the system. Oliver Kerylos has
shown two Kinect sensors with orthogonal views can be integrated
into the same system with minimal interference to the resulting
depth image (Kreylos, 2010).

4. Conclusion

The Kinect was able to capture the relative 3-D coordinates of
markers with RMS errors (SD) of 0.0065 m (0.0048 m), 0.0109 m
(0.0059 m), 0.0057 m (0.0042 m) in the x, y and z directions,
respectively, using the Vicon system as a gold standard. The
system provided this accuracy over the range of 1.0 m to 3.0 m
from the camera with an effective field of view of 54.0� horizontal
and 39.1� vertical. Therefore, with a small amount of further
development, the Kinect may provide investigators with a portable
3-D motion capture system for performing ergonomic assessments
in the field.
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