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ARTICLE INFO ABSTRACT

Keywords: Markerless motion capture technology, such as Theia3D, enables human movement data to be collected outside
Markerless motion capture traditional laboratory environments. However, the extent to which changes in camera configuration influence
Theia3D

markerless kinematic output remains underreported. This study evaluated the effect of camera configuration on
Theia3D-calculated kinematic parameters during walking, running, and jumping. Ten healthy adults completed
five trials of walking, running and counter movement jumps in two volume sizes (10 x 8 m and 6 x 4 m).
Movements were captured with eighteen Sony-RXOII synchronised video cameras, which were systematically
selected to generate three camera configurations (18-cameras, 12-cameras and 6-cameras), then processed in
Theia3D (v2024.1.17). Trunk, pelvis, hip, knee, and ankle kinematics were compared across sagittal, frontal, and
transverse planes using one-dimensional statistical parametric mapping. Changes in camera configuration pro-
duced mean differences of < 2° during walking, < 4° during running, and < 3° during countermovement jumps.
Largest differences were shown for all movements between 18 and 12-camera and 12 and 6-camera configu-
rations in the larger (10 x 8 m) volume. Smallest differences were shown between the 18 and 12 camera con-
figurations in the smaller (6 x 4 m) volume during counter movement jumps. This work demonstrated minimal
effects of varying camera configurations on Theia3D markerless kinematics during walking, running and
jumping. Camera placement was likely an important factor where small differences were identified. Overall,
these findings indicate that Theia3D-derived kinematics are minimally affected by changes in camera configu-
ration during walking, running, and jumping, supporting its use in environments where camera number and
space may be constrained.

Camera configuration

1. Introduction factors can reduce participant throughput, limit accessibility and restrict

data collection to controlled laboratory environments, where movement

Human movement analysis is fundamental to both sport and clinical
biomechanics, utilising techniques including two-dimensional (2D)
video analysis, three-dimensional (3D) marker-based motion capture,
inertial measurement units, and accelerometers (Yeadon & Pain, 2023).
While infra-red optoelectronic (marker-based) systems remain the gold
standard for accurate kinematic data, they are limited by lengthy marker
placement time and the need for dedicated capture spaces with
controlled environmental conditions (Armand et al., 2024), as well as
susceptibility to marker placement error (Fonseca et al., 2022). These

may not fully represent applied sport or clinical settings. Markerless
motion capture has emerged as a viable alternative, enabling full-body
motion tracking without the need for reflective markers and extending
motion capture beyond traditional laboratory settings (McGuirk et al.,
2022; Needham et al., 2021).

Theia3D (Theia Markerless Inc., Kingston, ON, Canada) is a
commercially available, deep learning—based markerless system that has
been used to capture walking, running, and sprinting tasks, demon-
strating promising joint angle accuracy and inter-session reliability
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Fig. 1. Schematic of all camera configurations including: Dimensions for 10 x 8 m volume (—-) and 6 x 4 m volume (—--), with example equal distances between
cameras and camera position of all three subsets of camera configurations (6 cameras = [], 12 cameras: o, and 18 cameras: 1,2,3 etc.).

(Augustine et al., 2025; Kanko, Laende, Selbie, et al., 2021; Kanko et al.,
2024; Outerleys et al., 2024; Song et al., 2023). However, accuracy can
vary across joints, tasks and individuals (Varcin & Boocock, 2026; Wade
et al., 2022), and is influenced by input video characteristics. Camera
positioning, number of views, and lighting have been proposed as key
factors affecting pose estimation, though their effects remain unclear
(Ceriola et al., 2024; Croci et al., 2025; D’Antonio et al., 2021; Nakano
et al., 2020).

Existing Theia3D studies have used a variety of camera configura-
tions, including the number of cameras used, spatial arrangement, and
capture volume size (Kanko, Laende, Davis, et al., 2021; McGuirk et al.,
2022; Oonk et al., 2025; Outerleys et al., 2024; Song et al., 2023).
Despite this variability, the influence of camera configuration on kine-
matic outputs, and the extent to which this influence is driven by
algorithmic, environmental, or equipment-related factors is under-
reported (Varcin & Boocock, 2026). While minimal effects of camera
height have been observed (Kwak et al., 2026), the effects of camera
number and capture volume size remain unclear. This limits evidence-
based setup decisions in applied environments, where users may need
to reduce camera numbers, adapt camera placement, or operate within
constrained spaces. The aim of this study was to evaluate the effect of
camera configuration on Theia3D-calculated kinematic parameters
during common movement tasks including walking, running, and
jumping. This work aims to inform the use of markerless motion capture
systems in research and applied environments where space or camera
availability may be limited.

2. Methods
2.1. Participants

Ten healthy adults (7 male, 3 female; age = 31.0 & 5.1 years, height
= 1.8 £ 0.1 m, mass = 73.3 &+ 14.3 kg) participated in this study. Par-
ticipants were excluded if they had any neuromuscular, musculoskel-
etal, or severe visual impairment, or any cognitive or behavioural
condition that prevented them from following instructions. All partici-
pants provided written informed consent prior data collection. Ethical
approval was granted by the Liverpool John Moores University Research
Ethics Committee (Reference: 24/SPS/073).

Participants each completed five trials of walking and running at self-

selected speeds from within the volume, and five countermovement
jump (CMJ) trials with hands placed on hips (Petrigna et al., 2019) at the
centre of the volume. These trials were completed in both the 10 x 8 m
and 6 x 4 m volumes, totalling 15 trials per capture volume. Mean
walking speed was 1.53 + 0.12 m/s and mean running speed was 2.94
+ 0.40 m/s. Clothing for each participant is shown in supplementary
material 1. All participants wore the same clothing for all conditions.

2.2. Camera configuration

Data were recorded using 18 two-dimensional, colour video cameras
(DSC-RXOM2G, Sony Corporation, Japan), capturing at 120 Hz with a
shutter speed of 1/1000 s, ISO 12800 and resolution 1920 x 1080 HD
(120p 100 M). Cameras were synchronised via Camera Control Boxes
(CCB-WD1, Sony Corporation, Japan). Each camera was connected
through its multi-terminal interface to a dedicated control box, which
were linked to a central Ethernet network switch to enable simultaneous
start/stop triggering and unified camera control across devices. Cameras
were mounted on tripods at a height of 1.6 m and positioned at equal
angular intervals (20° separation) around the centre of an elliptical
capture volume.

Two capture volumes were assessed;10 x 8 m and 6 x 4 m. Data were
collected using the full 18-camera configuration, with reduced camera
configurations (12 and 6 cameras) generated during post-processing by
systematically selecting subsets of videos from the full dataset. Camera
positions for each configuration are illustrated in Fig. 1, with repre-
sentative views shown in Fig. 2.

2.3. Camera calibration

Camera calibration was performed using the standard chessboard
calibration procedure described in the manufacturer documentation
(Theia3D, 2025) with a 7x4 internal corner grid and 100 mm square
size. A calibration trial was recorded for each capture volume (10 x 8 m
and 6 x 4 m) using all 18 cameras to determine intrinsic and extrinsic
parameters within a common coordinate system. Calibration was not
repeated before each participant because camera positions remained
fixed within each volume condition.

For reduced camera configurations (12 and 6 cameras), the 18-cam-
era calibration files for each volume were duplicated, then video
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a. 10x8m 18-cameras b. 10 x 8m 12-cameras c. 10 x 8m 6-cameras

Fig. 2. Camera views for each configuration: a. 10 x 8 m: 18 cameras, b. 10 x 8 m: 12 cameras, c. 10 x 8 m: 6 cameras, d. 6 x 4 m: 18 cameras, e. 6 x 4 m: 12 cameras.
Skeletal view shows cameras selected for analysis, grey views with strike through (\) show cameras removed from analysis.
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Fig. 3. Joint angle mean differences + 1SD for walking for the 10 x 8 m volume (left) and 6 x 4 m volume (right). Horizontal bars represent phases of the gait cycle
where 1D-SPM identified significant differences between camera configurations. For the 10 x 8 m volume, grey bars represent significant main effects from the 1D-
SPM ANOVA and coloured bars represent significant post hoc pairwise comparisons. For the 6 x 4 m volume, coloured bars represent significant paired comparisons

between 18 and 12 cameras.

datasets removed to include only the cameras used in the respective
configuration. This ensured that any differences between configurations
were not due to differences in calibration residuals. Additional calibra-
tion trials were recorded with 12 cameras and 6 cameras in both vol-
umes for comparison, with calibration residuals reported in
supplementary material 2.

2.4. Data processing

Video images were processed using Theia 3D (v2024.1.17, Theia
Markerless Inc., Kingston, ON, Canada), using a full-body model
allowing six degrees of freedom at the pelvis and trunk and three degrees
of freedom at the ankle, knee and hip. Data from all camera configura-
tions were exported into Visual 3D (v2024.07.2, C-Motion, Canada) for
analysis.

For walking and running, the gait cycle (right heel strike to right heel
strike) closest to the centre of the capture volume was used for analysis.
For walking, this was defined by the point of maximum anterior sepa-
ration between the heel and pelvis (Zeni et al., 2008), for running, this
was determined by the local minima of the vertical velocity of the centre
of mass. Countermovement jumps were defined by initiation and
termination of vertical centre of mass velocity.

Joint angles at the ankle, knee, hip, pelvis, and trunk were calculated
from the 4x4 rotation matrices generated by Theia3D. Kinematics were
analysed in the sagittal, frontal and transverse planes. Joint angle data
were then filtered using a 6 Hz low-pass Butterworth filter to reduce
high-frequency noise and non-physical signal components. This cut-off
was consistent with previous markerless motion capture work

involving comparable movement tasks and was applied to all configu-
rations, capture volumes, participants, and tasks to ensure that between-
configuration differences were not influenced by condition-specific
filtering choices. Walking and running trials were time-normalised as
a percentage from the start to end of the gait cycle, CMJ trials were time-
normalised as a percentage from the initiation of the CMJ to return to
typical standing position. Mean joint angles were calculated for each
participant for the entire movement then exported to Microsoft Excel
(Microsoft 365, Microsoft Corporation). Any trials that were not fully
tracked for all joints were removed from analysis, supplementary
material 3 shows the distribution of trials removed for all conditions.

2.5. Statistical analysis

One-dimensional statistical parametric mapping (1D-SPM) was used
to assess differences between camera configurations across the time-
normalised movement cycles (Pataky, 2010). Within the 1D-SPM
framework, a one-way repeated-measures analysis of variance
(ANOVA) was used for the 10 x 8 m volume to assess for differences
between 18, 12 and 6 cameras, followed by post-hoc t-tests. A paired t-
test was used for the 6 x 4 m volume to assess for differences between 18
and 12 cameras. A two-way ANOVA was not possible since the 6 x 4 m,
6-camera condition was excluded due to an inability to track all seg-
ments for some movements caused by restricted camera views. For
example, loss of trunk segment tracking during the highest point of a
CMJ (supplementary material 3). A statistically significant difference
was determined if the SPM{t} curve exceeded the critical threshold with
alpha at 0.05. Pairwise camera-configuration comparisons are reported
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Fig. 4. Joint angle mean differences + 1SD for running for the 10 x 8 m volume (left) and 6 x 4 m volume (right). Horizontal bars represent phases of the gait cycle
where 1D-SPM identified significant differences between camera configurations. For the 10 x 8 m volume, grey bars represent significant main effects from the 1D-
SPM ANOVA and coloured bars represent significant post hoc pairwise comparisons. For the 6 x 4 m volume, coloured bars represent significant paired comparisons

between 18 and 12 cameras.

as “18v12”, “18v6”, and “12v6”, representing 18 versus 12 cameras, 18
versus 6 cameras, and 12 versus 6 cameras, respectively.

3. Results

Significant differences were observed for walking, running and CMJ
in both volume sizes (P < 0.05). Mean joint angle differences across all
conditions and planes of motion for walking remained < 1.7°, for
running < 4.1° and for CMJ < 2.6°. Post-hoc comparison revealed that
18v12 and 12v6 camera configurations accounted for the largest dif-
ferences in the 10 x 8 m volume for all movements. The smallest dif-
ferences were shown for CMJ in the 6 x 4 m volume size, for 18v12
camera configurations.

Results for each movement are summarised below including signif-
icant differences. In some cases, significant ANOVA results were not
supported by post-hoc comparisons. Full 1D-SPM outputs are included
in Supplementary Material 4, and joint angle data for each movement
are included in Supplementary Material 5.

3.1. 10 x 8 m volume (18 v 12 v 6 cameras)

During walking, the largest mean differences were shown at the
pelvis for 18v12 and 12v6 configurations (frontal < 1.6°, sagittal < 1.7°)
and smallest at the trunk (all configurations, all planes, <0.5°) (Fig. 3).
For running, the largest differences occurred for 18v12 and 12v6 camera
configurations at the hip (all planes, <1.7°), and pelvis (sagittal < 1.4°,
frontal < 1.5°), with smallest differences at the trunk (all configurations,
all planes, <0.7°) (Fig. 4). CMJ results showed largest significant mean

differences between 12v6 configurations at the knee (transverse < 2.3°)
and ankle (transverse < 2.6°), with mean differences < 2.1° for all other
joints and planes (Fig. 5).

3.2. 6 x 4 mvolume (18 v 12 cameras)

For walking, the largest differences were observed at the pelvis
(sagittal < 1.5°, transverse < 1.2°), and hip (sagittal < 1.2°, frontal <
1.5°), with smallest differences at the trunk (sagittal < 0.3°, frontal <
0.2°) (Fig. 3). Running showed the largest mean differences at the ankle
in the last 25% of the gait cycle (all planes, <4.1°), all other mean dif-
ferences remained < 1.7° (Fig. 4). CMJ results showed little significance,
with all mean differences < 1.3° (Fig. 5).

4. Discussion

Markerless-derived walking, running, and CMJ kinematics were
generally consistent following reductions in camera number within
sufficiently large capture volumes. In the 10 x 8 m volume, 18-, 12-, and
6-camera configurations produced mean differences of < 2° during
walking, < 4° during running, < 3° during CMJ. In the 6 x 4 m volume,
18- and 12-camera configurations produced comparable outputs; how-
ever, the 6-camera configuration resulted in incomplete tracking and
was not viable without repositioning. These results indicate that capture
volume constraints and camera geometry, rather than camera number
alone, influence the magnitude of differences in markerless kinematic
outputs.

The differences kinematics due to

in markerless camera
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Fig. 5. Joint angle mean differences + 1SD for CMJ for the 10 x 8 m volume (left) and 6 x 4 m volume (right). Horizontal bars represent phases of the gait cycle
where 1D-SPM identified significant differences between camera configurations. For the 10 x 8 m volume, grey bars represent significant main effects from the 1D-
SPM ANOVA and coloured bars represent significant post hoc pairwise comparisons. For the 6 x 4 m volume, coloured bars represent significant paired comparisons

between 18 and 12 cameras.

configuration in the present study align with recent Theia3D findings
reported across variations in camera height (Kwak et al., 2026). Using
Theia3D during jumping tasks, that study reported only small significant
differences in joint kinematics despite a 1.6 m difference in vertical
camera height. Although the largest differences in that study were
observed at the hip, whereas the current study showed greater effects at
the knee and trunk, this likely reflects differences in camera positioning
between the two study designs. More broadly, the between-
configuration differences observed here were comparable to, or
smaller than, those reported in other Theia3D studies examining
methodological factors such as running speed (Walker et al., 2025),
clothing condition (Augustine et al., 2025; Keller et al., 2022), and
markerless—-marker-based comparisons (Kanko et al., 2024; Kearney
et al., 2025). This suggests that camera configuration is a relatively
modest source of kinematic variation compared with other recognised
influences on Theia3D-derived outputs. Importantly, the magnitude of
these differences is unlikely to meaningfully affect most applied
interpretations.

Differences between camera configurations may have been influ-
enced more by camera geometry than by camera number alone. In the
12-camera configuration, the relative distribution of camera perspec-
tives differed from the evenly spaced 18-camera and 6-camera config-
urations, changing the angular diversity of views contributing to 3D
reconstruction. Camera positions were selected to prioritise front-facing
views with greatest likelihood of feature detection, whilst maintaining
symmetry and ability to collect a calibration in applied settings. The
difference in distribution of views likely contributed to the larger
between-condition differences observed in the larger volume. In

contrast, CMJ performed centrally within the volume produced minimal
differences between the 18- and 12-camera conditions, whereas running
near volume boundaries resulted in tracking failures when camera
coverage was insufficient. These findings indicate that consistent multi-
angle segment visibility as defined by camera placement, rather than
camera count alone, underpins stable markerless kinematic outputs.
This interpretation is supported by previous work reporting that
Theia3D-derived walking and running kinematics were affected by
camera position, likely due to joint or segment occlusion and reduced
landmark visibility (Thomas et al., 2026).

4.1. Limitations and future work

As no marker-based reference was included our findings indicate
configuration-related differences between camera setups rather than the
absolute accuracy of each camera configuration. A 6 Hz filtering cut-off
was applied across walking, running, and countermovement jumping,
which may have attenuated higher-frequency components during the
more dynamic tasks, but is expected to influence absolute kinematic
magnitudes rather than relative differences between configurations. A
single calibration was applied across all camera configurations to isolate
the effect of camera number. This method ensured that all differences
reflected changes in configuration rather than recalibration effects,
however, also reflects results generated from an ideal calibration. When
independent calibrations were additionally collected in this work and
processed in configurations with fewer cameras, residual error was
slightly increased (supplementary material 2), which may be the case in
applied settings. Moreover, the 6-camera configuration in the 6 x 4 m



R. Walker et al.

volume was excluded due to restricted camera views causing an inability
to track all segments for all movements (supplementary material 3),
indicating that substantial reductions in camera number without repo-
sitioning may compromise segment visibility. The retained camera po-
sitions were based on the 18-camera setup, but alternative positioning
strategies may improve performance under constrained conditions.

Future work should examine optimised camera placement strategies
for restricted environments and directly compare capture volume sizes
using configuration-specific calibrations. Investigation across additional
sport-specific tasks and participant populations would further clarify the
practical limits of markerless motion capture.

5. Conclusion

Theia3D-derived kinematics during walking, running, and counter-
movement jumping were generally consistent across 18-, 12-, and 6-
camera configurations in the 10 x 8 m capture volume. In the smaller
6 x 4 m volume, 18- and 12-camera configurations produced comparable
outputs, but the 6-camera configuration was not viable without reposi-
tioning due to incomplete segment tracking. These findings indicate that
camera number should not be considered in isolation, as capture volume
and camera geometry also influence markerless kinematic outputs.
When sufficient segment visibility is possible, reduced camera configu-
rations may provide feasible kinematic data for applied environments
where space or camera availability is constrained.
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