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Robotic Characterization of Markerless Hand-Tracking on Meta
Quest Pro and Quest 3 Virtual Reality Headsets

Eric Godden

, William Steedman

, and Matthew K.X.J. Pan

Fig. 1: Fully integrated markerless hand-tracking characterization system which combines the VR HMD (Meta Quest Pro shown),
KUKA LBR iiwa 7 R800 robotic manipulator, and custom hand model end effector.

Abstract—Markerless hand-tracking has become increasingly common on commercially available virtual and mixed reality headsets to
improve the naturalness of interaction and immersivity of virtual environments. However, there has been limited examination of the
performance of markerless hand-tracking on commercial head-mounted displays. Here, we propose an evaluation methodology that
leverages a robotic manipulator to measure the positional accuracy, jitter, and latency of such systems and provides a standardized
characterization framework of markerless hand-tracking. We apply this methodology to evaluate the hand-tracking performance of two
recent mixed reality devices from Meta: the Quest Pro and Quest 3. Results demonstrate the influence of proximity to the headset,
rotation of hand, and joint selected as the tracking feature on hand-tracking performance. We found that hand-tracking error and jitter
were lowest for both headsets in conditions where the knuckle was the tracking point compared to the fingertip. Regarding positional

accuracy, in best-performing conditions, the Quest Pro outperformed the Quest 3 with 1.22 cm of average error compared to 1.73 cm.

The opposite result was true concerning jitter, with results of 1.77 cm and 1.11 cm for the Quest Pro and Quest 3, respectively. We
found latency highly variable for the Quest Pro (15.8 - 229.2 ms) and Quest 3 (14.4 - 220.5 ms). This work provides a testing framework

for highly systematic and repeatable performance measurements of markerless hand-tracking systems embedded in headsets.

Index Terms—Hand-tracking, robotics, tracking performance, characterization, virtual reality, head-mounted display.

1 INTRODUCTION

Markerless hand-tracking is becoming a common feature on virtual
reality (VR) head-mounted displays (HMDs) and is present on current
generation Meta Quest and HTC Vive products. Hand-tracking, as
opposed to controller-tracking, allows the user to interact with the
virtual environment without needing handheld controllers. This ability
produces more realistic and meaningful interactions with a virtual
environment and can put the user in a more active role within their
experience. VR interactions based on hand-tracking are becoming more
commonplace for VR applications such as physical therapy [23] and
robotic teleoperation [25].
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In these and other applications, an understanding of hand-tracking
performance is essential to users, practitioners, and developers to under-
stand their limitations; hand-tracking is still a developing technology
within the VR domain as limitations of tracking location and perfor-
mance persist [4]. The technical difficulty of markerless hand-tracking
over the traditional approach of having a user hold instrumented con-
trollers necessitates computer vision methods for processing inputs,
thus leading to lag and added noise that may hinder the overall perfor-
mance of the system [32]. Without an understanding of hand-tracking
performance, there can be a mismatch between the expected and actual
accuracy of hand position data, which may be detrimental to the user
experience. For example, hand-tracking fidelity is critical to virtual and
mixed-reality experiences that merge real and virtual worlds: in [28],
accurate hand-tracking (via motion capture) is needed to allow a user
to catch a ball while immersed in VR. Also, in [19], markerless hand-
tracking is used within a virtual experience to evaluate and classify
tremors in the hands of patients with Parkinson’s disease. Sufficient
hand-tracking accuracy is required in evaluating tremors to ensure
highly detailed data can be captured.

Here, we focus on this need to characterize the markerless hand-
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tracking performance and present a process for doing so. In this work,
we describe a robotic testing methodology (our testing setup is shown
in Figure 1) to provide standardized testing of markerless hand-tracking
performance. Using this process, we obtain measurements of positional
accuracy, jitter, and latency for two commercially available VR HMDs:
the Meta Quest Pro and Quest 3 HMDs. We posit that our HMD
characterization will be a foundational step towards understanding,
addressing, and improving markerless hand-tracking for VR and other
systems, improving the immersivity of future HMDs.

2 BACKGROUND
2.1 Markerless Tracking

While it is clear hand-tracking can be beneficial to user experience in
VR, markerless tracking is a difficult task that presents many additional
challenges compared to traditional controller tracking. Controllers
within VR systems are integrated with additional pieces of technology,
such as inertial measurement units (IMU) and infrared lights, to en-
able sensor fusion and optical tracking to enhance performance [12].
Markerless tracking, on the other hand, inherently does not rely on any
augmentations to the tracked object and must perform its tracking from
an outside perspective. This technique often requires computationally
expensive computer vision algorithms and demands highly detailed
image input [31]. In addition to the use of more limited technology for
tracking, the hand is a difficult object to track. The hand has more than
20 degrees of freedom, can experience rapid motions up to 5 m/s and
300 °/s, and experiences self-occlusions [8]. These factors often result
in decreased performance compared to traditional controller tracking,
which takes the form of lag within the user experience, and highlight the
critical need for mitigation strategies in the event of tracking failure [9].

Common techniques of markerless hand-tracking use RGB-D [26]
and infrared cameras [29] to obtain the information about the hand
necessary for tracking. In recent years, learning techniques have lever-
aged neural networks to train algorithms, which have improved hand-
tracking performance. One example of this includes the work by Han
et al. [11], which serves as the default for hand-tracking on Meta Quest
headsets. This approach uses four monochrome cameras to provide
multiple image inputs at each tracking frame. An efficient convolu-
tional neural network simultaneously localizes and classifies the hands
within the images. A motion prediction step is also present in this
algorithm to help minimize system latency. The final step predicts
21 key points across the hand to provide detailed information on the
anatomical features of the hand.

2.2 Tracking Performance

Previous studies have evaluated the effects of latency within human-
machine interfaces. This knowledge is foundational for performance
analyses in VR. Lee et al. [17] explored the effect of delays in a net-
worked human-machine system; results show an average discrimination
threshold for visual delays to be 50 ms and a greater requirement of
simultaneity when haptic information is involved. Jay et al. [15] also ex-
plored the effect of visual lag in a reciprocal tapping task, determining
that the discernible threshold for visual lag is 94 ms. This result repre-
sents performance degradation with increased latency under a simple
visual task, which may only become more severe and/or sensitive in the
complex interactions experienced within VR applications. Significant
correlations between latency and other factors have also been shown in
VR, such as decreased bandwidth [20], motor performance [32], body
ownership and inducing cybersickness [5] with increased visual delay.
These effects cover many aspects of user experience in virtual environ-
ments, and the latency of commercial HMDs must be considered when
developing virtual experiences to produce desired outcomes.

Prior work focusing on performance analyses of VR systems in-
cludes studies on room-scale tracking, controller, and hand-tracking.
Room-scale tracking characterizations are generally performed with
devices that use lighthouse tracking systems [13,27], as performance
can vary with proximity to base stations. Robotic manipulators have
been used in VR device characterizations [7, 16] due to their ability to
establish repeatable motion and the potential to establish ground-truth
reference. Motion capture technology can also establish ground-truth
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reference and is efficient for use in room-scale analyses [3]. Mizera et
al. [24] evaluate two hand-tracking wearables and a vision-based system
for use in teleoperation and virtual manipulation; the devices studied
in this work have the drawbacks of requiring additional hardware to
accompany a user’s VR HMD.

As markerless hand-tracking technology is relatively new in com-
mercial VR devices, there is limited prior work in this area. To our
knowledge, Abdlkarim et al. [1] represent the only markerless hand-
tracking characterization of a commercial HMD. In their work, partic-
ipants were outfitted with reflective markers on their index finger to
compare motion-capture data to the hand-tracking of the Meta Quest 2.
The characterization consisted of a target-reaching and hand opening-
and-closing task to produce results of delay (referred to as latency in
our work), static positional error, path offset, and angular error of the
index finger. Their work produced a single average delay result of
45 ms by determining the time difference in velocity peaks between
data from the two measurement systems. Additionally, they found an
average static positional error of 1.1 cm, and proximity to the HMD
influenced the tracking error.

Our work builds upon the markerless hand-tracking methodology
presented by Abdlkarim et al. by developing a more rigid set of tests
that uses a robotic manipulator to characterize markerless hand-tracking
on more recent HMDs.

3 OBJECTIVES
The objectives of this study are three-fold:

* Design a repeatable and extensible testing process that enables
robust characterization of markerless hand-tracking performance
in terms of latency, pose accuracy, and pose jitter.

* Characterize the performance of two current generation HMDs
equipped with onboard markerless hand-tracking, the Meta Quest
Pro and Meta Quest 3, using this testing process.

Understand the limitations of markerless hand-tracking on these
devices in terms of the observed metrics and discuss their impact
on implementing applications that benefit from hand-tracking.

4 OVERVIEW OF FRAMEWORK FOR MARKERLESS HAND-
TRACKING CHARACTERIZATION

We propose a comprehensive framework to systematically evaluate the
performance of markerless hand-tracking systems in VR HMDs. By
combining robotics, motion capture, and virtual environment render-
ing, the framework enables precise and repeatable assessments of key
metrics such as positional accuracy, jitter, and latency. It addresses
the need for standardized evaluation methodologies to ensure reliable
comparisons across devices and conditions.

The framework integrates several key components, as shown in
Figure 2. A robotic manipulator (we use a KUKA LBR iiwa 7 R800)
performs repeatable and precise movements to simulate hand motions,
while a 3D-printed hand model with retroreflective markers provides
standardized and accurate ground-truth reference points. The Vicon
motion capture system delivers sub-millimeter precision in tracking the
hand model, enabling comparisons with the hand-tracking data from
HMDs like the Meta Quest Pro and Quest 3. All subsystems, including
the virtual environment rendered in Unity 3D, are synchronized through
real-time communication protocols to ensure consistency.

The framework evaluates performance through three tests. The
static performance test measures accuracy and jitter under stationary
conditions by positioning the hand model at various points within the
tracking volume. The dynamic performance test assesses latency during
motion, calculating metrics like cold-start and constant-velocity latency
by moving the hand along predefined trajectories. The motion-to-
photon latency test measures the end-to-end delay from hand motion to
visual representation on the HMD, offering insights into user-perceived
latency.

This framework introduces several innovations, including the use of
robotic precision for repeatability and the evaluation of multiple metrics
for a holistic performance analysis. Its modular design allows for future
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System Design
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Fig. 2: Diagram of the markerless hand-tracking characterization frame-
work developed in this work. The framework integrates robotic manip-
ulator and virtual reality subsystems to assess tracking performance
through three tests, with the corresponding results outlined for each.

adaptations, such as expanding the testing volume or incorporating
additional metrics, such as complex gestures by way of an articulated
hand model. By standardizing the characterization of markerless hand-
tracking systems, this framework provides a foundation for developing
more reliable and immersive VR technologies.

5 EXPERIMENTAL SETUP

The experimental setup we developed in this work for testing hand-
tracking performance combines several subsystems: the VR HMDs,
motion capture system, robot manipulator, and underlying communi-
cation system that allows data to be transferred between the aforemen-
tioned subsystems.

5.1 Virtual Reality Head Mounted Displays

The two HMDs evaluated in this study are the Meta Quest Pro' and
the Meta Quest 32. The Meta Quest HMDs were selected due to
their popularity, influence on the VR community, and their onboard

Uhttps://www.meta.com/ca/quest/quest-pro/
Zhttps://www.meta.com/ca/quest/quest-3/
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markerless hand-tracking capabilities. The Meta Quest Pro features the
Qualcomm Snapdragon XR2+ Gen 1 processor, with 12 GB of RAM
and five integrated cameras to facilitate tracking. The Meta Quest 3
features the Qualcomm Snapdragon XR2 Gen 2 processor with 8 GB
of RAM and four integrated cameras with a depth sensor to facilitate
tracking.

The virtual environment used for testing was developed and rendered
using the Unity 3D game engine (2022.3.17f1) on a Windows 11 x64
laptop (AMD Ryzen 7 6800H 3.2GHz, 16GB RAM, NVidia Geforce
RTX 3050 Ti). The virtual environment included a minimalistic plane
of neutral colour to create a scene of low complexity to minimize the
rendering workload. All testing was done with the HMDs tethered via a
USB 3.0 wired connection to the laptop rather than running the HMDs
in standalone mode to limit latency in data transmission and collection.
Hand-tracking pose data was accessed through Unity’s XR Interaction
Toolkit? and transmitted at a rate of approximately 90 Hz (transmission
occurs within Unity’s MonoBehaviour.Update() function that is variable
and depends on system performance). 90 Hz was chosen as the refresh
rate as it is the highest shared refresh rate available between the pair of
headsets.

5.2 Robotic Manipulator

We used a robotic manipulator for our study to produce repeatable
motions essential for comparison across trials and hardware. In our
experimental setup, a KUKA LBR iiwa 7 R800 robot manipulator®,
horizontally mounted on a pedestal, was used to mimic the kinematics
of a human arm and precisely perform the stationary and dynamic
positioning required for this characterization. The robot was position-
controlled and received pose data in real-time with a loop rate of 1000
Hz using KUKA'’s proprietary Fast Robot Interface (FRI) [30].

The robot was controlled via a desktop machine (Intel Core i7-14700
4.2GHz, 32GB RAM) with Ubuntu 22.04 real-time kernel. Software
for driving testing behaviours on the robot was developed upon the
Robot Operating System 2 (ROS 2) Humble Hawksbill version, with
the Ibr_fri_ros2_stack being used to provide ROS 2 packages for FRI
communication with the robot [14]. A custom mechanical support
structure was designed to fix the headset location and reinforced to
ensure vibrations through the structure were minimized.

5.3 Replica Hand

Since this work focuses on hand-tracking performance, a standardized
hand was fabricated to provide consistency across all testing trials.
An open-source hand model’, produced through an Eva optical scan,
was used, which ensured high-accuracy and clear anatomical features
which were required for key point matching on the virtual hand. This
model was further modified to allow for 6.4 mm spherical reflective
markers to be placed at each anatomical joint on the dorsal and palmar
side of the hand, as well as at each fingertip. The tracking location
of each joint was the midpoint between corresponding dorsal and pal-
mar side markers. The model® was 3D-printed using PLA material
on an FDM printer, as shown in Figure 3. This technique provided
high confidence in defining ground-truth locations in relation to the
corresponding key points of the VR hand-tracking. A hand was fixed
to the manipulator’s end-effector and secured consistently for each trial.
Pilot testing demonstrated no degradation in landmark identification
or hand-tracking capabilities due to the added markers and filament
colour. The combined system is shown in Figure 1.

5.4 Motion Capture System

We used a retroreflective marker-based motion-capture system, Vicon
Vero (v2.2)7, to provide an efficient ground-truth reference for our VR

3https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.0
/manual/index.html

“https://www.kuka.com/en-ca/products/robotics-systems/industrial-
robots/Ibr-iiwa

Shttps://grabcad.com/library/anatomy-model-hand- 1

Shttps://mithrilab.com/research/robotic-haptic-proxies-in-virtual-
reality/robotic-characterization-of-markerless-hand-tracking/

7https://www.vicon.com/hardware/cameras/vero/
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(a) Dorsal Side

(b) Palmar Side

Fig. 3: Hand model with reflective markers at key anatomical features to
define ground truth within the motion-capture system.

hand-tracking data to be analyzed. The system was used in tandem
with the software Vicon Tracker (3.9.0.128020h)3 that was run on a
Windows 11 x64 system (Intel Xeon W-2123 3.6GHz, 16GB RAM) to
provide tracking of retroreflective marker constellations. This system
produces sub-millimeter error and a low camera latency of 3.6 ms.

5.5 Communication

The synchronization of all subsystems was coordinated on the robot
controller computer, facilitating the manipulator control. To synchro-
nize efficiently, the VR and motion-capture systems delivered serialized
data, using Google’s Protocol Buffer Framework®, through high-speed
UDP over ethernet. This minimized system latency and the influence
of network traffic.

5.6 Registration Between Measurement Frames

To ensure proper comparison of data between the motion-capture and
VR coordinate frames, a registration process was completed. This
process involved taking measurements of the same anatomical feature
on the hand over 30 unique points in both frames. A least squares
approach was used to produce a homogeneous transformation matrix
where the two sets of values were adjusted around their respective
means and the singular value decomposition was taken.

6 METHODOLOGY

Our testing methodology examines markerless hand-tracking accuracy,
jitter, and latency for both the Meta Quest Pro and Quest 3 through
three tests: a static performance test, where hand-tracking performance
is evaluated when the hand is not moving; a dynamic performance test,
where hand-tracking performance is evaluated as the hand is moving;
and, a motion-to-photon latency test that measures the delay between
hand motion and when that motion is displayed on the HMD.

While other characterizations may only report single-value results
for performance factors (e.g., [1]), this work aims to provide detailed
results that contain multiple evaluations for both positional and latency
performance. This will produce a more comprehensive understanding
of hand-tracking performance that is currently unavailable.

6.1 Test 1: Static Performance

This test evaluates hand-tracking performance under static conditions,
removing the influence of latency on measurement accuracy. This
scenario represents the optimal tracking condition, as temporal factors
are eliminated, and the hand’s pose remains constant between frames.
This consistency provides a stable perspective to the HMD cameras,
simplifying the identification step in the tracking algorithm. The static

8https://help.vicon.com/space/Tracker39
9https://github.com/protocolbuffers/protobuf
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test condition is crucial for understanding the upper limit of tracking
performance and is particularly relevant for precise interactions in
virtual environments [22]. Abdlkarim et al. [1] highlighted the influence
of hand proximity on tracking error. This motivates the static testing to
be performed across a three-dimensional testing volume defined by the
lateral and anterior proximity to the HMD. For each level of consistent
vertical proximity, there are seven base positions, as shown in Figure 4.
Table 1 details the lateral and anterior proximity to the HMD and the
yaw rotation, as an offset from the pose with fingertips facing forward,
for each position. Positions 1, 4, and 6 were adjusted through yaw
rotations to recreate more natural hand positions that would be found
using an anatomically accurate manipulator. The positions were chosen
to evenly cover a quarter of a circular testing area with a radius of 0.4
m, centered on the first position.

Position | Lat. Offset (m) | Vert. Offset (m) | Yaw Rotation (°)
1 0.1 0.15 45
2 0.3 0.15 0
3 0.241 0.291 0
4 0.1 0.35 22.5
5 0.5 0.15 0
6 0.383 0.433 -15
7 0.1 0.55 0

Table 1: Static test positions for each consistent vertical level of three-
dimensional testing volume defined by the lateral and anterior proximity
to the HMD and yaw rotation.

Three vertical levels were defined to extend the testing volume
into a third dimension. The first level, situated closest to the HMD,
was positioned approximately 0.1m below eye level. The following
two levels were positioned 0.2m and 0.4m below the first, creating a
testing volume that is a quarter section of a 0.4m radius and 0.4m tall
cylinder. Similar to the adjustment in yaw rotation of the hand across
the seven positions, all of the positions on the first level were pitched
upwards. The first three positions were pitched 45 degrees upward
from horizontal, and the rest were pitched 22.5 degrees. This, again,
ensures that the hand is positioned in an anatomically realistic position
at elevated levels and provides greater line-of-sight visibility between
the HMD and the tracked index finger features. As the manipulator
and hand model were both in a left-hand configuration, only the region
to the left of the HMD was tested. The testing region was defined
solely to the left of the HMD as the majority of left-handed interactions
within VR would occur in this region, giving it priority over extended
workspaces that would rarely inhabit a left-handed interaction. We
assume that performance is symmetric across the medial-lateral plane
of the headset, allowing the results of this work to be extended to a
right-handed model in its corresponding most relevant regions as well.

To further improve the robustness of this test, seven rotations were
applied to each base position before moving to the next. As hands
will rarely sit flat during interactions within a virtual environment,
the applied rotations will ensure the results within this test consider
the influence of rotation on hand-tracking performance. The rotations
included (in this order denoted 1 through 7): an identity rotation (to
keep hand at base position), ulnar and radial deviation of 15 degrees,
flexion and extension of 45 degrees, and supination and pronation of 15
degrees. The flexion/extension conditions were given greater rotation
as that was required to have a sufficient change in hand profile from the
perspective of the HMD. With seven rotations at seven positions per
level, this totalled 147 unique testing points.

For the first test, the tracking performance of two anatomical features
of the hand were also compared to understand optimal tracking location
on the hand. The anatomical features selected were the index finger’s
tip (distal phalanx) and knuckle (metacarpophalangeal joint). The
index finger was selected as it is generally the most medial finger
during interaction in VR, which provides the clearest line of sight and,
therefore, the best tracking potential for the HMD cameras. The tip
of the finger and knuckle were the two anatomical features on the
index finger chosen within this characterization as they provide clear
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Fig. 4: Static performance testing region for each level used in Test 1.

landmarks on the hand. Features such as the palm and wrist were
excluded due to the difficulty in aligning these features on the model
hand to that of the virtual hand. We are unaware of any other work that
compares the tracking of different anatomical features on the hand for
commercial HMDs.

At each unique point, measurement was delayed for 1.5 seconds to
ensure the hand-tracking latency effects were nullified. Once the delay
was complete, 50 measurements were taken from both the ground truth
and VR data at a sampling rate of 90 Hz (VR data transmission rate as
this was the combined slowest update to ensure unique measurements
at each sample). For each testing point, two results were calculated:
average Euclidean error and sample-to-sample jitter.

Average Euclidean error is computed by taking the mean of the
50 measurements at each point from both the motion capture system
and the markerless hand-tracking of the headset. The homogeneous
transformation matrix obtained from registration is then applied to
convert the positions to the same coordinate frame. The Euclidean
distance between the two points can then be calculated to produce the
average error. Euclidean error is an important metric for characterizing
tracking performance as separation from ground truth is a true indicator
of the deviation from desired performance.

Jitter represents the magnitude of frame-to-frame jumps in subse-
quent stationary measurements [27]. Thus, sample-to-sample jitter
provides a measure of the noise experienced by the measurement sys-
tem. High amounts of jitter also produce negative effects by creating
less natural hand motions that can reduce social presence and make an
interlocutor less comfortable in a social virtual interaction [2]. This
metric is calculated by taking the root mean square (RMS) of the 50
measurements at each unique testing point. Equation 1 outlines the
RMS calculation where n is the number of measurements (50 in our
case) and Am; is the difference in samples i and i+ 1.

ey

6.2 Test 2: Dynamic Performance

This test evaluates the hand-tracking performance under dynamic con-
ditions to evaluate the latency of the markerless hand-tracking on each
HMD. Latency refers to the time delay between ground-truth motion
and when that corresponding motion is detected by the measurement
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system. Since our ground truth is operating at a refresh rate of 240 Hz
with a 3.6 ms camera latency, these potential delays must be accounted
for in our results. The maximum latency of the ground truth (camera
latency with an additional one full cycle at 240 Hz) will be 7.77 ms,
which will be considered in each result in Test 2. From the user’s
perspective within a VR application, latency encompasses both the
temporal and positional error in a dynamic interaction and, therefore,
provides essential information on hand-tracking limitations. Latency
is also an important factor for the embodiment of a virtual avatar and
affects the ability to perform dynamic contextual interactions such as
non-verbal communication [21].

12 constant-velocity trajectories of the hand are defined across three
vertical levels at 0.3 m, 0.4 m, and 0.5 m below the eye level of the
HMD. The testing volume was modified from Test 1 to facilitate smooth
joint velocities across all trajectories. From initial testing, trajectories
on vertical levels above 0.3 m below eye level would cause certain
manipulator joints to have extremely rapid motion, which had greater
difficulty following the desired linear trajectory. The manipulator also
occluded the hand in some positions at higher vertical levels, which
did not facilitate consistent tracking. Therefore, trajectories on vertical
levels above 0.3 m were not included in this test. At each vertical
level, four trajectories were defined: two at a distance of 0.3 m and two
at a distance of 0.45 m in the anterior direction from the HMD. Out
of each pair of trajectories at a unique vertical and anterior position,
one moves the hand from left to right and the other from right to
left. Each trajectory spanned 0.3 m and had steady-state velocities
of 0.2 m/s with constant acceleration and deceleration periods lasting
ten percent of the total trajectory. The acceleration and deceleration
periods were established to mimic natural hand motion and to minimize
the vibrations experienced by the system. During each trajectory, data
was recorded from the ground-truth and VR systems at the highest
update rate available (ground-truth: 240 Hz). This produced positional
information from each measurement frame across the full trajectory.
Data recording begins 0.25 s before the start of each trajectory and ends
1.0s after the end, ensuring the full trajectory could be captured by both
measurement systems due to the expected latency of the hand-tracking.
The knuckle is selected as the tracking feature for this test (due to better
tracking performance than the fingertip in Test 1). This helps minimize
the effect of positional error when trying to isolate for tracking latency.

While other studies (i.e., [1,27]) only report a single value for VR
system latency, in reality, latency varies dramatically throughout dif-
ferent phases of motion [33]. Variable performance throughout motion
can be attributed to a motion prediction step common in modern hand-
tracking algorithms [11]. This variability was initially confirmed in our
pilot study, as latency was highest at motion onset and became minimal
at steady-state, but a more thorough analysis is required [10]. This test
will, therefore, produce three metrics to provide a complete evaluation
of hand-tracking performance across an entire motion: cold-start la-
tency, motion prediction “warm-up" duration, and constant-velocity
latency.

Cold-start latency refers to the time delay of the onset of motion.
This measure removes the effect of motion prediction, as the hand
begins the trajectory stationary, and represents the worst-case tracking
condition within our tests. Since both our measurement systems experi-
ence noise, using a simple motion onset detection technique would not
be viable. Warburton et al. [33] demonstrate the practicality of an out-
lier detection technique based on the median absolute deviation (MAD)
to detect motion onset in a VR system. This technique will be used for
the ground truth and VR hand-tracking data to detect the time of motion
onset for each trajectory. The corresponding delay between ground
truth and VR hand-tracking motion onset is our cold-start latency. The
MAD detection technique is shown in Equation 2 [18].

xi—M
b Mi(|x; — M;j(x;)])

> || @)

This technique relies on the median function (M), constants b and
¢, and a window of samples (x). Leys et al. note that ¢ = 3 is a con-
servative selection and b = 1.4826 is generally used as it is tied to the
assumption of normality in the data [18]. These constant values will be

Authorized licensed use limited to: ShanghaiTech University. Downloaded on October 19,2026 at 14:46:50 UTC from |IEEE Xplore. Restrictions apply.



3030

used in our analysis. In preliminary tests, a window size of 60 samples
was shown to have strong performance. If the VR detection point was
ever before the ground-truth detection (indicating a false positive as
the VR hand-tracking typically succeeds ground truth motion), the
window size was increased by ten until this was no longer the case. The
lengthening of the window lowered the impact of high noise features
within a stationary measurement to help improve detection in some
cases.

As the stationary start removes the influence of motion prediction,
motion prediction will begin to influence performance once the algo-
rithm has adequate time to evaluate the motion. As noted by Warburton
et al., there is a “warm-up" duration for the motion prediction to take
effect and will cause the experienced latency to decrease from motion
onset until a steady-state condition is reached [33]. To determine this
motion prediction warm-up duration, latency will be determined across
the entire motion first; the ground truth and VR trajectories will be
aligned using the corresponding detected motion onset points from
the cold-start latency analysis. From motion onset, each ground-truth
measurement will be projected forward in time along the VR trajectory
until a matching position is reached. The time difference between the
corresponding ground-truth and VR measurements will be the latency
at that specific ground-truth time. This process is repeated until 80
percent of the ground-truth trajectory is evaluated to discount the decel-
eration phase of the motion. With latency over most of the trajectory
determined, the warm-up duration is defined as the time from motion
onset for the latency to become within five percent of the final latency
value within the trajectory.

Once the warm-up duration is found, the constant-velocity latency
can then be determined by averaging latency values after the warm-
up period. The period used to determine constant-velocity latency
represents the best tracking condition analyzed in this test as the motion
prediction is in full effect and the trajectory is outside of its acceleration
phase.

6.3 Test 3: Motion-to-Photon Latency

While the first two tests provide an in-depth evaluation of hand-tracking
performance across static and dynamic conditions, another key delay to
consider within VR systems is the motion-to-photon latency. Motion-
to-photon latency encompasses the delay between user motion and
when that motion is displayed on the HMD to evaluate the visualization
ability of the HMD. Assessing this metric is crucial, as motion-to-
photon latency integrates the hardware and software performance of
the HMD into a single measure. It extends the results of the second test
by quantifying the tracking system’s end-to-end latency, which is the
true delay experienced by the user.

To measure this latency, we have the robot travel along the same
trajectories programmed for Test 2. The knuckle is again used as the
anatomical feature tracked to minimize the effect of positional error
when trying to isolate for tracking latency. However, we also define a
“trigger point” at each trajectory’s midpoint for which both the robot’s
Cartesian end-effector pose and the VR HMD’s reported hand pose
are known and labelled - i.e., we have coordinates for a trigger point
in both the robot and VR coordinate frames. Once the hand is seen to
cross the trigger point according to the robot’s own reported pose, an
LED ring on the manipulator’s wrist will be turned on. Once the VR
HMD sees the hand crossing the trigger point, the entire HMD screen
is coloured purple.

Similar to the procedure used by Warburton et al. in [33], a high-
speed camera on a smartphone was used to record the entire setup,
including the robot’s LED ring and the HMD’s screen, to determine
motion-to-photon latency. In our case, an iPhone 14 Plus (i0S 17.6.1),
mounted on a tripod, was used to record videos from this test at a
resolution of 1080x1920 pixels and a frame rate of 240 fps. The frame
rate was validated manually using a microcontroller and LED, leading
us to determine that the actual frame rate was 239.69 fps; this value
was used in our calculations. Following the test, videos were played
back frame-by-frame from when the robot’s LED turned on to when the
HMD’s screen turned purple. Counting the number of frames between
these two events and dividing by the framerate yields an estimate of
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motion-to-photon latency.

Note that the motion capture system was not used for this test;
instead, the robot’s reporting of its kinematic state based on joint
encoder feedback was used to determine the hand’s crossing of the
trigger point. This method was selected because the robot’s feedback
rate is virtually latency-free (within 1 ms) due to the real-time nature
of the robot’s control loop. This improves our estimates of motion-to-
photon latency.

7 RESULTS
7.1 Test 1: Static Performance

Data collection for Test 1 resulted in 1176 total measurements. Unfor-
tunately, 19 of these measurements were discarded as the HMDs could
not successfully track the hand. Unsuccessful tracking was deemed if
the hand was no longer registered within the virtual environment or if
the hand experienced abnormally high jitter while stationary.

Static positional error for both the Quest Pro and Quest 3 separated
by anatomical feature conditions are displayed in Figure 5. A two-
way ANOVA examined the effect of HMD and anatomical features
selected on positional error. There was a statistically significant inter-
action between the effects of HMD and anatomical feature selection on
positional error, F(1,1741) = 8.686, p = 0.003. Simple main effect
analysis showed that the Quest Pro had significantly less static posi-
tional error than the Quest 3 in their corresponding anatomical feature
conditions (p < 0.001). Results also showed that the knuckle tracking
condition on the Quest 3 experienced significantly less error than the
fingertip condition (p < 0.001), but this was not the case between the
Quest Pro tracking conditions (p = 0.150). Mean results for the static
positional error across Test 1 conditions are displayed in Table 2.

Static Error (cm) | Jitter (cm)

Quest Pro - Fingertip 1.30+0.79 2.16£0.56
Quest Pro - Knuckle 1.2240.90 1.70+0.41
Quest 3 - Fingertip 2.05£0.90 1.42+£0.72
Quest 3 - Knuckle 1.73+0.72 1.11+0.20

Table 2: Static positional error and jitter for each HMD and anatomical
feature condition evaluated in the static test presented as an average
across the testing volume.

Jitter across HMD and anatomical feature conditions are displayed
in Figure 6. A two-way ANOVA examined the effect of HMD and
anatomical features selected on jitter. A statistically significant interac-
tion was not found between the effects of HMD and anatomical feature
selection on jitter, F(1,1741) = 2.542, p = 0.111. This indicates that
the influence of HMD on jitter is independent of the anatomical feature
tracking condition. Simple main effect analysis showed that the Quest
3 significantly outperformed the Quest Pro in corresponding anatomical
feature conditions for jitter (p < 0.001). The knuckle was also shown
to have significantly lower jitter than the fingertip condition for both
HMDs (p < 0.001). Mean results for jitter across Test 1 conditions are
displayed in Table 2.

Lastly, in Test 1, we examine the influence of hand rotation on both
static positional error and jitter. A one-way ANOVA did not show
statistically significant differences for jitter between the seven tested
hand rotations. However, we did detect a significant difference in static
error (F(6,434) =2.902, p = 0.009). A Tukey post hoc test for error
revealed no significant difference between groups, demonstrating that
the effect size may be too small to make definitive claims for this result.
The average results across all positions in the testing region for each
hand rotation are shown in Table 3.

7.2 Test 2: Dynamic Performance

Significant three-way interactions between headset, vertical level, and
anterior proximity of linear trajectories across all results in the second
test were not found. Therefore, mean values across the testing volume
are reported to produce results that provide an understanding of average
performance within the normal workspace of a user’s hand.
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Fig. 5: Euclidean error across testing volume for each VR HMD and hand feature tracking condition from Test 1. Note that these plots linearly
interpolate between positions where measurements were taken to produce the displayed spatial performance profile.

Static Error (cm) | Jitter (cm)
Rotation 1 1.094+0.98 1.66 +0.28
Rotation 2 1.05+0.62 1.71+0.32
Rotation 3 1.07+£0.58 1.81+0.38
Rotation 4 1.18+0.81 1.80+0.72
Rotation 5 1.17+1.00 1.77+0.33
Rotation 6 1.50+0.94 1.78 £0.31
Rotation 7 1.49+1.16 1.84+0.32

Table 3: Static positional error and jitter for each hand rotation evaluated
in the static test presented as an average across the testing volume.

Figure 7 displays an example trajectory as recorded by the Quest
Pro’s markerless hand-tracking and the motion capture system (ground
truth). The plots also visualize latency development across a trajec-
tory as the motion prediction within the tracking algorithm passes its
warm-up duration. A two-sided T-test failed to reveal any significant
differences between average cold-start latencies, warm-up duration, and
constant-velocity latencies of the Meta Quest Pro and Quest 3. These
results are displayed in Table 4.

7.3 Test 3: Motion-to-Photon Latency

A two-sided t-test of motion-to-photon latencies of the Meta Quest Pro
and Quest 3 did not reveal any significant differences. The motion-to-
photon test results are displayed in Table 4.

8 DiIsCUSSION

Work by Abdlkarim et al. [1] represents, to the authors’ knowledge, the
only other characterization of markerless hand-tracking on commercial
HMDs. While their study provided a foundational framework for hand-

Quest Pro Quest 3
CS Latency (ms) 229.2+146.3 | 220.5+101.4
CV Latency (ms) 15.844+9.69 14.444+9.50
“Warm-Up" Duration (ms) | 660.94+150.5 | 662.0£109.5
M-t-P Latency (ms) 33.20£18.01 | 38.334+31.29

Table 4: Cold-start (CS) latency, constant-velocity (CV) latency, and
motion prediction warm-up duration in the dynamic test (test 2) are
shown for both HMDs tested. Additionally, the motion-to-photon (M-t-P)
latency from test 3 is presented. All results are presented as averages
across the testing volume for the two HMDs.

tracking characterizations, we aim to provide a more comprehensive
data set. Metrics considered in [1] consider a single average value for
latency. As discussed earlier and again supported by the results in this
study, it appears that a single latency value is insufficient to understand
how tracking performance develops over a trajectory. This motivated
the inclusion of multiple evaluations for latency within our character-
ization, included in our second and third tests, to provide sufficient
information on markerless hand-tracking latency. A benefit of the prior
framework was the target-reaching task to evaluate static positional
accuracy. This test evaluated the hand-tracking performance across
a testing volume, which produced results that showed performance
dependence on proximity to the HMD. This task provided direct moti-
vation for developing the testing volume within this study and ensured
spatial performance was properly considered within our framework.

It is clear from the results of Test 1, as shown in Figure 5 and Figure
6, that the tracking performance under all test conditions depends on
the proximity to the headset. As all HMDs have cameras with fixed
fields of view, identifying volumes that elicit strong tracking can help
VR designers develop proper interactions in the virtual environment.
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Fig. 6: Jitter across testing volume for each VR HMD and hand feature tracking condition from Test 1. Note that these plots linearly interpolate
between positions where measurements were taken to produce the displayed spatial performance profile.

Position 5 (refer to Figure 4) generally delivered the worst performance
as it was the furthest lateral point along the first anterior layer. This
positioned the hand in an awkward position relative to the HMD and
served as a blind spot that occasionally experienced drops in tracking.
The best tracking was found in positions with small lateral and some
vertical deviation from the headset, as in the second vertical level. This
was expected due to the orientations of the cameras being positioned
with a forward-facing field-of-view and the likeliness that most of the
training data for the hand-tracking algorithm were captured in similar
positions, as these are the positions a user’s hand most often occupies.
Test 1 also demonstrated the superior performance experienced in the
knuckle tracking conditions compared to their corresponding fingertip
conditions. As the fingertip has a higher likelihood of being victim to
self-occlusions experienced by the hand, the tracking algorithm must
make predictions of fingertip location with less information during
these instances, which would lead to worse performance. The results
align with this rationale which enforces the knuckle as the superior
tracking location out of the two anatomical features tested. While ac-
curate fingertip tracking is crucial for tasks like fingertip-based user
interactions in VR [6], this finding underscores the knuckle’s greater re-
liability as a tracking feature, making it preferable for general purposes
such as hand pose identification.

Combining the result of this study with the work of Abdlkarim et
al. in [1], the hand-tracking performance of the past three iterations
of Meta Quest HMDs can be compared. The average static fingertip
positional error of the Meta Quest 2 was shown to be 1.1c¢m [1]. The
average results for our fingertip conditions were 2.05¢m and 1.30cm for
the Meta Quest 3 and the Meta Quest Pro, respectively. While our result
shows a greater average at face value, Test 1 records measurements
while the hand is at 7 different rotations for each position within the
testing volume. By rotating the hand out of the standard palm-down

configuration, which was standard for the Meta Quest 2 evaluation,
the tracking difficulty increases due to the potential for self-occlusions
and/or reduced surface area from the HMD cameras’ perspective. The
results within this study present a better evaluation of general tracking
performance as both spatial and rotational conditions were considered.
With respect to the rotational conditions, performance was best when
the hand was in a palm-down configuration (Rotations 1-3). The prona-
tion and supination conditions of Rotation 6 and Rotation 7 produced
the worst performance. This was likely due to the hand’s surface area
drastically decreasing from the perspective of the HMD as the hand
rotated along its anterior axis. As natural hand interactions rarely occur
in a palm-down configuration, decreased tracking performance should
be accounted for when designing interactions that differ from this ideal
state.

Initially proposed by Warburton et al. in [33], our results confirm
that multiple latency results are required to fully evaluate tracking la-
tency. This is evident by the dramatic difference between the cold-start
and constant-velocity latency values. The cold-start latency results eval-
uate tracking performance under worst-case conditions as the motion
prediction effects of the tracking algorithm are mitigated. The average
cold-start latency results of 229.2ms and 220.5ms for the Meta Quest
Pro and Quest 3, respectively, are above the previously mentioned
discernible thresholds for visual latency as measured in [15, 17]. This
demonstrates that the starting portion of trajectories, or hand motions
with abrupt accelerations, can experience latencies that the user may
detect. This could affect user experience, and hand motions with low ac-
celerations should be desired when designing hand interactions within
a virtual experience. The constant-velocity results drop below the men-
tioned discernible visual thresholds for latency which demonstrates the
importance of motion prediction within the hand-tracking algorithm
on Meta Quest HMDs. The warm-up duration for motion prediction
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Fig. 7: Example output plots for Test 2 - Dynamic Testing showing: (a) VR hand-tracking vs. ground-truth across linear trajectory with marked motion
onset points used for cold-start latency analysis; and (b) development of tracking performance across linear trajectory.

is a key result to understand how quickly peak tracking performance
can be reached, as during constant velocity motion. This warm-up
period represents the transient state of tracking performance and, again,
must be considered when relying on markerless hand-tracking data for
applications requiring precise tracking. Since the warm-up duration
results for both HMDs did not show significantly different results, it is
likely Meta is using the same predictive algorithm on each HMD.

The motion-to-photon latency results of the final test represent the
best indicator of complete system performance within this study as it
encompasses both the hand-tracking and visualization performance on
the HMDs. The results of 33.20ms and 38.33ms for the Meta Quest Pro
and the Meta Quest 3, respectively, are below the discernible thresholds
of 50ms [17] and 90ms [15] discussed before. It must be noted that the
50ms threshold for visual perception is breached for the results of both
headsets when one standard deviation is considered. This demonstrates
that although the average performance of markerless hand-tracking on
Meta HMDs may be sufficient to enable a positive user experience,
discernible effects produced by system latency will be common, which
may have negative implications.

While this work aims to provide an extensive framework for marker-
less hand-tracking characterization, limitations present opportunities
for future work. Across the three tests, the testing volume only consid-
ered positions and trajectories located below the HMD. As most hand
interactions occur below the eyeline, the testing volume was defined to
best match those locations. As virtual experiences become more com-
plex and potentially demand more from markerless hand-tracking on
VR systems, characterization across a larger volume may be required
to facilitate new interactions. Also, the test conditions within this work
only involved single joint tracking and did not evaluate the tracking
of more macro features, such as finger angles or handbreadth. This
evaluation is also limited to a single static hand model. This limita-
tion may affect the generalizability of the results, and future studies
could explore variations in hand shapes to address this issue. Many
additional tracking conditions exist that would increase the depth of
analysis provided by the results of this study.

9 CONCLUSION

Markerless hand-tracking represents a key development pathway for
improving future virtual experiences. This technology, currently being
standard on many commercial HMDs, demonstrates a push to facilitate
virtual interaction with natural hand manipulations. While implement-
ing hand-tracking in virtual experiences is an important step forward,
consistent and ongoing evaluations are necessary to properly charac-
terize and document the progress of this technology for applications

requiring accurate and precise hand pose data. This has motivated us to
develop a repeatable and extensible process of markerless hand-tracking
characterization within this work to not only facilitate the evaluation
of current commercial HMDs but also to lay the foundation for future
testing and comparison.

Our work represents, to our knowledge, the first use of robotics to
characterize markerless hand-tracking performance. Doing so allows
for systematic, precise, and comparable characterization of markerless
hand-tracking on VR systems. The methodology outlined in this work
produces results of positional accuracy, jitter, and latency. This method-
ology was applied to two commercially available VR HMDs: the Meta
Quest Pro and Quest 3 HMDs. In best-performing conditions (tracking
knuckle), the Quest Pro outperformed the Quest 3 with respect to po-
sitional error (1.22 cm and 1.73 cm, respectively). The opposite was
true for jitter (1.77 cm and 1.11 cm, respectively). The effect of hand
proximity to HMD on positional accuracy and jitter was evaluated, and
weaker performance was observed as the hand moved to the periphery
for both metrics. Latency results were also highly variable for the Quest
Pro (15.8 - 229.2 ms) and Quest 3 (14.4 - 220.5 ms).

While the characterization framework developed in this work is
comprehensive, the analysis was completed across a limited volume.
Only points below the eye-line of the HMD were tested, and constraints
imposed by the manipulator limited the overall testing workspace.
Future work can grow the knowledge developed within this work by
expanding the testing volume of future characterizations and evaluating
the markerless hand-tracking performance of other commercial VR
HMDs.
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