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Commercially-available Virtual Reality (VR) systems have the potential to be effective tools for simulta-
neous visual manipulation and kinematic data collection. Previously, these systems have been integrated
with research-grade motion capture systems to provide both functionalities; however, they are yet to be
used as stand-alone systems for kinematic data collection. The present study aimed to validate the HTC
VIVE VR system for kinematic data collection by evaluating the accuracy of its position and orientation
signals. The VIVE controller and tracker were each compared to a Polhemus Liberty magnetic tracking
system sensor for angular and translational measurement error and signal drift. A sensor from each sys-
tem was mounted to opposite ends of a rigid segment which was driven through fifty rotations and fifty
translations. Mean angular errors for both the VIVE tracker and controller were below 0.4�. Mean trans-
lational error for both sensors was below 3 mm. Drift in the Liberty signal components was consistently
lower than drift in VIVE components. However, all mean rotational drift measures were below 0.1� and all
mean translational measures were below 0.35 mm. These data indicate that the HTC VIVE system has the
potential to be a valid and reliable means of kinematic data collection. However, further investigation is
necessary to determine the VIVE’s suitability for capturing extremely minute or high-volume
movements.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Recent advances in Virtual Reality (VR) technology have
expanded our ability to integrate immersive 3D visual environ-
ments with optical motion capture. Platforms such as Vicon Reality
and OptiTrack for VR have combined their marker-based systems
with VR headsets and controllers to augment both the VR experi-
ence and research capabilities (Vicon.com, OptiTrack, 2018). How-
ever, these systems still require the use of research-grade motion
capture cameras to collect kinematic data. Although research-
grade systems provide robust measures of position and orienta-
tion, there are limitations due to their high price and low portabil-
ity. While these may not be barriers for more established
institutions, those working in underfunded programs, teaching
institutions, classroom settings, and clinics may find them restric-
tive. The use of a VR system for simultaneous immersion in 3D vir-
tual environments and kinematic data collection could provide the
benefits of these integrated systems, the low price point of VR sys-
tems, and high portability that existing systems cannot offer.
The HTC VIVE Virtual Reality System (VIVE) and Oculus Rift sys-
tems are both prime candidates for this application as they are
each available for under $1,000 and extremely portable. However,
the tracked area for the VIVE is about 5 m � 5 m while the tracked
area for the Rift is about 1.5 m � 1.5 m, making the VIVE a more
suitable option for kinematic data collection (Martindale, 2018).
The VIVE system consists of two small light-emitting boxes
(9 cm � 9 cm � 6 cm), two lightweight handheld controllers
(0.31 kg), a round tracker (0.36 kg), and a lightweight fully immer-
sive headset (0.47 kg). The shipping weight for this entire system is
under 2 kg. The position and orientation of the tracker, headset,
and controllers are tracked in real time, allowing for realistic
motion feedback in to the virtual visual environment.

The goal of the present study was to measure the accuracy of
the VIVE handheld controller and tracker, two different configura-
tions of VIVE sensors, in comparison to an industry gold standard
motion capture system, the Polhemus Liberty (Liberty) magnetic
tracking system. This system has been used extensively in basic
and clinical research settings (Amasay and Karduna, 2013; Kahol
et al., 2009, 2008; Kwon et al., 2012). The manufacturer reported
static accuracy of this system is 0.15� and 0.76 mm, and indepen-
dent validation studies have corroborated these claims, showing
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root mean square (RMS) values as low as 0.2 mm (Nafis et al.,
2006; Polhemus, 2012). This system was chosen for comparison
due to its’ high reported accuracy and frequent use for collecting
kinematic data (Amasay and Karduna, 2013; Dadarlat et al.,
2015; Kahol et al., 2009; Lin and Karduna, 2016; Nafis et al.,
2006; Polhemus, 2012). Measures of static drift in position and ori-
entation, static translation, and static rotation were compared
between the VIVE controller and the Liberty sensor and the VIVE
tracker and the Liberty sensor. Feasibility of using the VIVE sensors
for kinematic data collection was determined by their accuracy
when compared to the Liberty sensor.
2. Methods

2.1. System setup

The VIVE VR system was set up as detailed by the user’s manual
in order to establish proper tracking of the sensors. The lighthouses
were set 6 m apart, mounted directly to the laboratory wall at a
height of 2.1 m, angled downward at an angle of 30�, and con-
nected by a synchronization cable (htc VIVE User Guide, 2016).
The VIVE headset was located on a stable, flat platform within
the tracked space. The system’s room setup protocol was run
before each data collection session. This protocol establishes the
location of the floor and the play area (the area in which the sen-
sors will be tracked). The Liberty magnetic tracking system (Pol-
heums, Colchester, VT) was set up according to the user’s manual
and best practices (Polhemus, 2012). The Liberty transmitter was
placed approximately 0.5 m from the sensor and metal was cleared
from the space to minimize interference (Fig. 1).

2.2. Experimental protocol

The VIVE sensor (tracker or controller) was mounted to a rigid
segment opposite a sensor from the Liberty magnetic tracking sys-
tem; the segment was then mounted to a ball-and-socket fixture,
which was set on a linear gear track. This setup allowed for 360�
of rotation about three axes and 61 cm of translation along three
axes. The segment holding both sensors was moved through fifty
rotations about each axis and fifty translations along each axis of
the respective sensor (Fig. 2). In total, 300 ten-second samples
were collected while the segment was held static at each incre-
ment of motion. Increments ranged from 0 to 50� and 0–30 cm.
All tests were completed first with the VIVE controller and Liberty
sensor, then with the VIVE tracker and Liberty sensor. Testing order
was chosen at random. The rig holding the sensors was stationed in
Fig. 1. HTC VIVE lighthouse boxes mounted 2.1 m high, 6 m apart, tilted downward
by 30�, as suggested in the user guide. Polhemus Liberty base station positioned
0.5 m from the tracker. VIVE and Liberty sensors mounted to opposite ends of a
rigid segment with six degrees of freedom. Graphics not to scale.
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the center of the VIVE system’s tracked space. Both systems sam-
pled at a rate of 120 Hz. Data were collected simultaneously from
the sensors using a custom Unity program (Unity Technologies, San
Francisco, CA, USA) and analyzed using a custom LabVIEW program
(National Instruments, Austin, TX, USA).

2.3. Data reduction and analysis

Translational error between the two systems was determined
by taking the mean position over each ten-second period and using
the distance formula to quantify the translation of each sensor
from sample to sample. The distance measured by the VIVE was
then subtracted from the distance measured by the Liberty. As nei-
ther system reported consistently higher or lower values than the
other, indicating random error, the absolute value of the difference
in measurement was used in order to avoid erroneously low error
values.

Rotational error between the two systems was determined by
comparing the change in helical angle measurement in each sensor
from sample to sample. Helical angles were chosen because the
global coordinate systems of the VIVE and Liberty systems were
not aligned. The mean of each orientation component was taken
over the ten-second collection period. The averaged Liberty com-
ponents were decomposed from their Euler sequence using the
system’s reported attitude matrix (Polhemus, 2012). Helical angle
change from sample to sample was calculated using these mean
raw rotational components from each system (Spoor and
Veldpaus, 1980). The helical angle change was compared between
the two systems by subtracting the change measured by the VIVE
from the change measured by the Liberty. Again, random error was
seen and as a result, the absolute value of these differences was
used.

Drift in all six signal components was quantified using RMS of
each ten second static collection period. The mean value of each
signal component was first subtracted from each sample in that
signal component; the remainders were used to determine RMS
values for each signal component.
3. Results

The VIVE tracker and controller showed a mean rotational error
of 0.13 ± 0.08� and 0.3 ± 0.07�, respectively (Fig. 3a and b). Mean
translational error for the tracker and controller was
1.7 ± 0.4 mm and 2.0 ± 0.8 mm, respectively (Fig. 3c and d). When
tested together, the tracker and Liberty sensor showed mean rota-
tional drift of 0.06 ± 0.07� and 0.003 ± 0.000�, respectively (Fig. 4a)
and mean translational drift of 0.27 ± 0.13 mm and
0.02 ± 0.00 mm, respectively (Fig. 4c). When tested alongside the
controller, the controller and Liberty sensor showed mean rota-
tional drift of 0.01 ± 0.00� and 0.0002 ± 0.0001�, respectively
(Fig. 4b) and mean translational drift of 0.28 ± 0.13 mm and
0.01 ± 0.00 mm, respectively (Fig. 4d).
4. Discussion

The present study aimed to compare measurements of static
rotations and translations between the VIVE handheld controller
and tracker to a Liberty sensor, and to quantify rotational and
translational drift in all three sensors. These measurements were
meant to inform whether the VIVE controller and tracker are accu-
rate enough in measuring position and orientation to use for the
collection of kinematic data.

The error measurements of both VIVE sensors were very low,
with all mean rotational errors falling below 0.4� and mean trans-
lational errors below 3 mm. In all instances when the rotation or
fully immersive virtual reality system for kinematic data collection, Journal
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Fig. 2. Coordinate systems of the HTC VIVE controller (a) and tracker (b) overlaid on their respective models.

Fig. 3. Comparisons of rotational (a, b) and translational (c, d) measurement errors (mean ± SD) between the VIVE tracker and Liberty sensor (a, c) and the VIVE controller and
Liberty sensor (b, d).
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translation increment was larger than zero, percent error was less
than 0.1%. Rotational error across all three axes appeared to be con-
sistent when using the controller. However, when using the
tracker, error about the y-axis appeared to be higher than about
the x and z-axes. Even with this inconsistency, mean error about
the y-axis of the tracker was only 0.2�. Conversely, translational
Please cite this article as: K. A. Spitzley and A. R. Karduna, Feasibility of using a f
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errors appeared consistent across all axes when using the tracker,
and when using the controller error along the z-axis appeared to be
lower than along the x and y-axes. Even with these slight varia-
tions between axes, all rotational and translational components
of the controller and the tracker aligned very closely with the Lib-
erty measurements. These errors fell well within the range of nor-
ully immersive virtual reality system for kinematic data collection, Journal
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Fig. 4. Comparison of rotational (a, b) and translational (c, d) drift measurements (mean ± SD) between the VIVE tracker and the Liberty sensor (a, c) and the VIVE controller
and Liberty sensor (b, d).
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malcy for research grade systems, which regularly report transla-
tional accuracy between 1.0 mm and 2.0 mm and rotational accu-
racy between 0.5� and 1.0� but often demonstrate much higher
errors in practice (Frantz et al., 2003; Nafis et al., 2006).

Drift measurements throughout the 10 s capture periods from
both VIVE sensors were consistently higher in all components than
drift from the Liberty sensor. However, all mean rotational drift
measures fell below 0.1� and all translational measures below
0.35 mm. The lowest measures of drift by the VIVE system were
seen in the controller’s rotational components, while the tracker
displayed slightly higher measures of mean rotational drift. As
these sensors use embedded IMUs, it is expected that drift would
accumulate over time. However, the light-emitting boxes and opti-
cal sensors integrate with the output from the IMU to provide 60
drift corrections per second. This mechanism prevents accumula-
tion of drift in the signal.

These slight differences between the VIVE tracker, VIVE con-
troller, and Liberty sensor may be important to consider when
making kinematic measurements over very small ranges of motion.
Studies involving surgical tasks, for example, which require mini-
mum system accuracy of 1.5 mm, may want to consider using
other systems (Birkfellner et al., 1998). However, for larger move-
ments all of these sensors are accurate enough for the collection of
kinematic data. The present study was performed using a single VR
Please cite this article as: K. A. Spitzley and A. R. Karduna, Feasibility of using a
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system, and therefore cannot be guaranteed to represent all sys-
tems of the same model. However, this practice is common in val-
idation studies and the protocol is replicable a wider scale (Nafis
et al., 2006). Additionally, these data are limited in that they are
static measurements taken in the center of the calibrated space;
further testing on temporal signal components and the entirety
of the space would be necessary for studies with a strong timing
requirement or those which plan to utilize all of the calibrated vol-
ume. Further, in comparison to a traditional motion capture sys-
tem, the VIVE sensors are larger and more difficult to affix to
segments. The main considerations when choosing between these
sensors should therefore be study design, portability, and cost.

Conflicts of interest statement

We have no conflicts of interest financial or otherwise to
disclose.

References

Amasay, T., Karduna, A., 2013. Patient’s body size influences dental hygienist
shoulder kinematics. IIE Trans. Occup. Ergon. Hum. Factors 1, 153–165.

Birkfellner, W., Watzinger, F., Wanschitz, F., Ewers, R., Bergmann, H., 1998.
Calibration of tracking systems in a surgical environment. IEEE Trans. Med.
Imag. 17, 737–742.
fully immersive virtual reality system for kinematic data collection, Journal

http://refhub.elsevier.com/S0021-9290(19)30145-9/h0005
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0005
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0010
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0010
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0010
https://doi.org/10.1016/j.jbiomech.2019.02.015


K.A. Spitzley, A.R. Karduna / Journal of Biomechanics xxx (xxxx) xxx 5
Dadarlat, M.C., O’doherty, JE., Sabes, PN., 2015. A learning-based approach to
artificial sensory feedback leads to optimal integration. Nat. Neurosci. 18, 138–
146.

Frantz, D., Wiles, A.D., Kirsch, S.R., Frantz, D.D., Wiles, A.D., Leis, S.E., Kirsch, S.R.,
2003. Accuracy assessment protocols for electromagnetic tracking systems.
Phys. Med. Biol. Phys. Med. Biol 48, 2241–2251.

htc VIVE User Guide; 2016.
Kahol, K., Leyba, M.J., Deka, M., Deka, V., Mayes, S., Smith, M., Ferrara, J.J.,

Panchanathan, S., 2008. Effect of fatigue on psychomotor and cognitive skills.
Am. J. Surg. 195, 195–204.

Kahol, K., Satava, R.M., Ferrara, J., Smith, M.L., 2009. Effect of short-term pretrial
practice on surgical proficiency in simulated environments: a randomized trial
of the ‘‘preoperative warm-up” effect. J. Am. Coll. Surg. 208, 255–268.

Kwon, Y.W., Pinto, V.J., Yoon, J., Frankle, M.A., Dunning, P.E., Sheikhzadeh, A., 2012.
Kinematic analysis of dynamic shoulder motion in patients with reverse total
shoulder arthroplasty. J. Should. Elb. Surg. 21, 1184–1190.
Please cite this article as: K. A. Spitzley and A. R. Karduna, Feasibility of using a f
of Biomechanics, https://doi.org/10.1016/j.jbiomech.2019.02.015
Lin, Y.-L., Karduna, A., 2016. Exercises focusing on rotator cuff and scapular muscles
do not improve shoulder joint position sense in healthy subjects. Hum. Mov. Sci.
49, 248–257.

Martindale, J., 2018. Oculus Rift vs. HTC Vive Spec Comparison [WWW Document].
Digit. Trends. URL https://www.digitaltrends.com/virtual-reality/oculus-rift-vs-
htc-vive/ (accessed 9.3.18).

Mocap for VR – Vicon Reality | VICON [WWW Document], n.d. URL https://www.
vicon.com/motion-capture/vicon-reality (accessed 9.3.18).

Nafis, C., Jensen, V., Beauregard, L., Anderson, P., 2006. Method for Estimating
Dynamic EM Tracking Accuracy of Surgical Navigation Tools.

OptiTrack - Motion Capture for Virtual Reality [WWW Document], 2018. URL
https://optitrack.com/motion-capture-virtual-reality/ (accessed 9.3.18).

Polhemus, LIBERTYTM USER MANUAL; 2012.
Spoor, C.W., Veldpaus, F.E., 1980. Rigid body motion calculated from spatial co-

ordinates of markers. J. Biomech. 13, 391–393.
ully immersive virtual reality system for kinematic data collection, Journal

http://refhub.elsevier.com/S0021-9290(19)30145-9/h0015
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0015
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0015
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0020
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0020
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0020
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0030
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0030
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0030
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0035
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0035
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0035
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0035
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0040
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0040
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0040
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0045
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0045
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0045
https://www.digitaltrends.com/virtual-reality/oculus-rift-vs-htc-vive/
https://www.digitaltrends.com/virtual-reality/oculus-rift-vs-htc-vive/
https://www.vicon.com/motion-capture/vicon-reality
https://www.vicon.com/motion-capture/vicon-reality
https://optitrack.com/motion-capture-virtual-reality/
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0075
http://refhub.elsevier.com/S0021-9290(19)30145-9/h0075
https://doi.org/10.1016/j.jbiomech.2019.02.015

	Feasibility of using a fully immersive virtual reality system for kinematic data collection
	1 Introduction
	2 Methods
	2.1 System setup
	2.2 Experimental protocol
	2.3 Data reduction and analysis

	3 Results
	4 Discussion
	Conflicts of interest statement
	References


