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Abstract
Continuous flash suppression (CFS) is widely used in research on unconscious visual processing due to its long-lasting 
masking. While CFS effectively masks static stimuli, its application to motion stimuli remains challenging. To resolve this 
issue, our previous work developed the Chameleon-1 paradigm (Zhao & Bao, 2022), an enhanced CFS technique that ena-
bles robust masking of translational motion stimuli for up to 10 s through precise spatiotemporal matching of color dynam-
ics between target and masking stimuli. The current study systematically evaluated and optimized this paradigm through 
three studies. We first assessed the masking efficacy of the Chameleon-1 paradigm across different motion parameters and 
patterns (Study 1). Because Chameleon-1 failed to effectively mask biological motion (BM) stimuli, we then upgraded the 
paradigm to accommodate BM stimulus characteristics (Study 2). The results demonstrated that this Chameleon-2 paradigm 
achieved superior masking efficacy for BM stimuli, with average breakthrough time extended by over two-fold compared 
to Chameleon-1 and breakthrough ratios approximately 75% for upright and 45% for inverted BM stimuli during 10-s of 
BM presentation. We further employed this paradigm to investigate the neural correlates of conscious and unconscious BM 
processing using functional near-infrared spectroscopy in Study 3. Our work establishes a robust paradigm for sustained 
masking of BM stimuli and validates its utility in unconscious processing research. We also provide new insights into the 
neural mechanisms underlying unconscious BM perception.
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Introduction

Vision, our primary sense for interacting with the world, 
has a limited capacity. Although only a fraction of visual 
input reaches consciousness, substantial processing occurs 
unconsciously, supporting efficient interpretation of complex 
scenes. Key paradigms for studying unconscious process-
ing include binocular rivalry, continuous flash suppression 
(CFS), and visual crowding (Kim & Blake, 2005).

Among these, CFS is particularly advantageous for 
investigating unconscious vision. It allows flexible stimulus 
placement and provides sustained, homogeneous suppres-
sion across large areas (Wang et al., 2022), making it ideal 
for studies requiring extended masking durations—such as 
those on unconscious priming or adaptation (Yang et al., 
2014). In CFS, high-contrast Mondrian patterns shown 
to one eye suppress a static target presented to the other 
eye through interocular suppression (Faivre et al., 2014; 
Tsuchiya & Koch, 2005; Tsuchiya et al., 2006). While effec-
tive for static stimuli, CFS shows markedly reduced efficacy 
for motion stimuli (Pournaghdali & Schwartz, 2020; Wang 
et al., 2022).

Previous attempts to improve motion masking under CFS 
focused on enhancing motion congruence between target and 
mask (Pournaghdali & Schwartz, 2020). Moors et al. (2014) 
incorporated target motion parameters into their Moving 
Mondrian Mask, improving suppression for simple, single-
point motion. Ananyev et al. (2017) extended this approach 
to more complex motion but still reported breakthrough in 
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over 70% of trials within 3 s. These efforts reveal two major 
limitations: reliance on motion matching alone remains 
insufficient, and effective masking of multi-point motion 
over prolonged durations has not been achieved.

To bridge the aforementioned research gaps, here we 
propose and systematically evaluate two novel paradigms 
named after a kind of animal, the chameleon. By dynamic 
color adaptation, chameleons are able to maintain perceptual 
congruence with their surroundings to avoid the risks of 
being detected by predators. Inspired by this natural phe-
nomenon, we employed analogous camouflage principles 
to develop visual masking techniques capable of prolonged 
masking of multi-point/complex motion stimuli. This is 
achieved through continuous maintenance of perceptual 
congruence between elements of target and masking stimuli. 
Below we present the fundamental design principles under-
lying the two Chameleon paradigms.

The Chameleon‑1 Paradigm: Sustained 
masking of translational motion

Our recently developed Chameleon-1 paradigm, designed 
to mask multi-point translational motion, significantly 
enhances the masking efficacy compared to conventional 
approaches (Zhao & Bao, 2022). This paradigm achieved 
superior masking performance (~25% breakthrough ratio) 
during extended 10-s presentations. Below, we detail the 
implementation protocol for this paradigm:

•	  Eye-dominance test: Under the classic CFS paradigm, 
one eye was presented with dynamic and chromatic Mon-
drian patterns, while the other eye with a static target 
(Dong et al., 2022; Zhao & Bao, 2022). The dominant 
eye was identified as the one showing higher break-
through ratios during testing. Breakthrough ratio is the 
percentage of trials in which the target breaks into aware-
ness.

•	 Mask presentation (dominant eye): No different from the 
classic CFS paradigm—dynamic and chromatic Mon-
drian patterns were presented to the dominant eye.

•	 Target presentation (non-dominant eye): The non-domi-
nant eye viewed multi-point translational motion targets. 
A frame-by-frame alpha-blending technique dynamically 
matched target colors to corresponding mask regions.

The Chameleon‑2 Paradigm: Dynamic 
masking of complex motion

Building upon the Chameleon-1 paradigm, we developed 
Chameleon-2, an advanced version specifically optimized 
for masking small, fast-moving complex stimuli. In the 

current work, we focus on biological motion (BM) stim-
uli. Unlike the Chameleon-1 that manipulates the colors of 
target elements to match the corresponding regions of the 
Mondrian masks, this paradigm instead adopts random-dot 
masking stimuli and manipulates the locations of target ele-
ments to maintain strict color, size, and positional congru-
ence between target and masking elements:

•	 Eye-dominance test: Identical to that of Chameleon-1.
•	 Mask presentation (dominant eye): Dynamic, multi-

colored random-dot masking stimuli were presented to 
the dominant eye. Each masking dot was size-matched 
to a light-point element of the BM stimuli.

•	 Target presentation (non-dominant eye): The non-dom-
inant eye viewed modified BM stimuli, with each light 
point dynamically repositioned via a frame-by-frame spa-
tial alignment algorithm to maintain precise positional 
congruence with the most adjacent masking element in 
real time. The target and the spatially aligned masking 
elements also maintained color matching throughout 
presentation.

•	 While the current implementation focused on BM stim-
uli, the underlying methodological framework is inher-
ently adaptable to any type of complex motion stimuli 
with appropriate parametric adjustments.

Compared to the motion-matching approaches, a critical 
advantage of the Chameleon paradigms is decoupling target 
and mask motion properties. This ensures that only targets 
carry coherent motion information, allowing independent 
manipulation of target motion while improving the masking 
efficacy for multi-point/complex motion. Although our prior 
work has demonstrated the feasibility of the Chameleon-1 
paradigm (Zhao & Bao, 2022), two unresolved issues—para-
metric optimization and generalizability—limit its broader 
application. Therefore, this paper systematically investigated 
how motion speed, contrast, size, and motion pattern modu-
lated masking efficacy (Study 1). Additionally, we developed 
the Chameleon-2 paradigm to specifically enhance masking 
effectiveness for complex motion patterns, particularly BM 
stimuli (Study 2). BM represents a distinct class of motion 
perception that involves coordinated displacement of mul-
tiple points representing an organism’s articulations, simul-
taneously conveying both kinematic properties and socially 
meaningful information (Jiang & Wang,  2011;  Johans-
son, 1973, 1976; Troje, 2013). Previous attempts to mask 
BM using the CFS paradigm yielded limited success (fre-
quent breakthroughs at ≤ 2 s, Sun et al., 2017, 2022). If the 
Chameleon-2 paradigm proves effective in masking BM, it 
could serve as a powerful tool for investigating unconscious 
processing across diverse motion stimuli.

To assess the temporal limit of masking efficacy, we 
employed extended trial durations (10  s). Unlike many 
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breaking continuous flash suppression (b-CFS) studies, we 
prioritized breakthrough ratio over reaction time (RT). RT 
in b-CFS studies may originate from multiple processing 
stages rather than solely reflect unconscious processing 
alone, such as detection thresholds or expectation effects 
during transitional awareness states (Gayet et al., 2014; 
Stein et al., 2011), contamination from conscious process-
ing (Sun et al., 2022), and non-perceptual factors like deci-
sion-making processes or response biases (Stein & Sterzer, 
2014; Yang et al., 2014). Instead, the breakthrough ratio, 
calculated as the proportion of trials where target detection 
occurs, provides a more direct measure of masking efficacy, 
since trials with no response directly show that targets did 
not reach awareness threshold. In other words, this metric 
minimizes post-perceptual contamination while providing 
a clear binary awareness measure. Thus, we primarily used 
breakthrough ratio to evaluate masking efficacy, with RT as 
a secondary reference.

In Study 3, we applied the Chameleon-2 paradigm to 
examine the neural mechanisms underlying BM process-
ing. Previous functional magnetic resonance imaging (fMRI, 
Allison et al., 2000; Deen et al., 2015; Pavlova & Sokolov, 
2003) and transcranial magnetic stimulation (Troje, 2013) 
studies have identified the superior temporal sulcus (STS)—
particularly the right STS (rSTS)—as a critical region of 
interest (ROI) for BM perception, which is also supported by 
recent functional near-infrared spectroscopy (fNIRS) work 
(Lisboa et al., 2020a, 2020b). Our Study 3 investigated neu-
ral correlates of Chameleon BM processing using fNIRS, 
demonstrating selective rSTS activation specifically during 
conscious, but not unconscious processing.

Study 1: The Chameleon‑1 Paradigm

In Study 1, we evaluated the applicability of our proposed 
Chameleon-1 paradigm. Our investigations addressed four 
key parameters: (1) movement speed of target stimuli (Study 
1a), (2) contrast relationships between masking and target 
stimuli (Study 1b), (3) size variations of both masking ele-
ments and targets (Study 1c), and (4) motion pattern, par-
ticularly for BM stimuli (Study  1d, see Section S2 of the 
supplementary information).

Study 1a: The influence of target speed 
on translational targets masking

In Study 1a, we investigated how target speed influenced 
masking effectiveness in the Chameleon-1 paradigm. We 
hypothesized that, as in the motion-matched CFS paradigm 
(Ananyev et al., 2017), masking efficacy would show an 
inverse relationship with target speed, with reduced mask-
ing at higher motion speeds.

Method

Participants  We recruited 12 participants (six males and 
six females, Mage = 23.67 years, age range 19–26 years). 
The number of participants in Study 1 was predetermined 
based on the sample sizes from our previous work (Zhao & 
Bao, 2022). For all the present studies, participants were 
young volunteers from several universities in Beijing. They 
all had corrected-to-normal vision, with no history of color 
blindness or color deficiencies, and were naïve to the exper-
imental hypotheses. They provided informed consent and 
received compensation upon completing the experiment. All 
experimental procedures were approved by the Institutional 
Review Board of the Institute of Psychology, Chinese Acad-
emy of Sciences.

Apparatus  Stimuli were displayed on a 22-inch Dell E2213 
monitor (1680 × 1050 resolution; 60-Hz refresh rate), cali-
brated using a Photo Research PR-655 spectrophotometer. 
Participants viewed the dichoptic stimuli through a mirror 
stereoscope at a viewing distance of 80 cm in a darkened 
room, with a chinrest to minimize head movements. The 
same equipment setup was used across all experiments in 
Study 1.

Stimuli  All stimuli were generated using Psychtoolbox-3 
(Brainard, 1997) in MATLAB (The MathWorks, Natick, 
MA, USA). A red central fixation point (RGB: [180 0 0]) 
was presented on a mid-gray background. Both masking 
and target stimuli were presented within a 10° × 10° fusion 
box (see Fig. 1a), with each appearing on either the left or 
right half of the screen. The masking stimulus followed the 
same design as in our previous work (Zhao & Bao, 2022). 
We generated 60 Mondrian-pattern images (8° × 8°), each 
consisting of randomly colored and sized rectangles. These 
images flickered at 10 Hz to serve as the CFS mask. The tar-
get stimulus comprised ten small squares (1° × 1°) moving 
upward or downward at constant speed. Their positions were 
randomly selected within the 8° × 8° area covered by the 
CFS stimulus, with the constraint of no inter-square overlap. 
While each square changed its position every one second, 
it maintained both its movement direction and speed. Cru-
cially, in every frame, each square’s color matched the cor-
responding pixels of the masking stimulus at that moment.

Based on previous findings showing successful 10-s mask-
ing at 0.2°/s in most trials (Zhao & Bao, 2022), we selected 
this as our baseline speed. To systematically examine speed 
effects, we additionally tested one slower (0.1°/s) and two 
faster (0.5°/s and 1°/s) speed conditions. Considering that 
motion-matched CFS research has shown ineffective mask-
ing efficacy at 1°/s (Ananyev et al., 2017), we constrained 
our speed conditions to no faster than 1°/s.
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Procedure  Participants first completed an eye-dominance 
test lasting approximately 10 min under the same experimen-
tal setup used in the formal experiments. The test employed 
identical stimuli and procedures to our previous work (Dong 
et al., 2022; Zhao & Bao 2022; see Figure S1, in Section S1 
of the supplementary information), consisting of two blocks 
of 80 trials each.

During the formal experiment, we presented the mask-
ing stimulus to the dominant eye and the target stimu-
lus to the non-dominant eye. The experiment comprised 
12 blocks, each containing 16 trials (4 speed levels × 4 
repetitions, with equal numbers of upward and down-
ward motions). Each trial (see Fig. 1a) began with a ran-
domly determined CFS stimulus presentation (500 ms 
or 1000 ms) to the dominant eye. Subsequently, a target 
stimulus moving either upward or downward at one of the 
four speeds appeared in the non-dominant eye while the 
CFS mask continued in the dominant eye. Participants 
were instructed to indicate the target’s moving direction 
as quickly as possible using arrow keys (UpArrow for 
upward, DownArrow for downward). If a key was pressed, 
the target immediately disappeared while the CFS mask 
persisted for an additional 500 ms. If no response was 
made, both stimuli automatically terminated after 10 s. 
Following the stimulus offset in either case, a 1-s inter-
trial interval (mid-gray background) preceded the next 
trial. Throughout the experiment, both the masking and 
target stimuli maintained 100% contrast. Prior to the 

formal experiment, participants completed 12 practice tri-
als (three repetitions per speed level). The entire session 
lasted approximately 30 min.

Analysis  For each participant, we calculated breakthrough 
ratios per speed condition by dividing the number of correct-
response trials by the total trials for that condition (n = 48 
per condition). A one-way repeated-measures ANOVA with 
speed (0.1°/s, 0.2°/s, 0.5°/s, 1°/s) as the within-subjects fac-
tor was conducted on breakthrough ratios.

Results

The descriptive results were presented in Table 1. As 
shown in Fig. 2a, we found a significant main effect of 
target speed (F(1.671, 18.377) = 36.724, p < 0.001, η2

p = 
0.770, Greenhouse–Geisser corrected). Post hoc compari-
sons showed significantly lower breakthrough ratios at the 
slowest speed compared to the other speeds (pbonf ≤ 0.009, 
95% CI [– 0.900, – 0.039]). The 0.2°/s condition also dem-
onstrated lower breakthrough ratios than both 0.5°/s and 
1°/s (pbonf ≤ 0.002, [– 0.705, – 0.132]), while no difference 
emerged between 0.5°/s and 1°/s (pbonf = 0.250, [– 0.270, 
0.044]). The findings supported our hypothesis that faster 
target motion speeds would lead to increased breakthrough 
ratios, revealing the Chameleon-1’s limited effectiveness 
for masking faster-moving stimuli.

Fig. 1   The depiction of Study 1 and Study 2. Note. RT, reaction time. (a) A typical trial of Study 1. (b) The depiction of Study 2. The inset, 
magnified by the arrow, provides a detailed view of the target stimulus.
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Study 1b: The influence of contrast pairing 
on translational target masking

Study 1b investigated how masking efficacy in Chameleon-1 
was modulated by mask-target contrast relationships and 
whether the mechanisms involved in it were similar to those 
underlying the classic CFS paradigm. CFS is known to rely 
on the interocular suppression mechanisms, where high-con-
trast masks displayed in one eye suppress a target displayed 
in the opposite eye with target contrast incrementally ramped 
up (Cha et al., 2019; Jiang et al., 2007). By contrast, Chame-
leon-1 may involve a potential fusion-based mechanism due 
to its unique color consistency between masks and targets. 
We therefore tested two competing hypotheses: (1) If shared 
mechanisms operate in both paradigms, lower target contrast 
would enhance Chameleon-1’s masking efficacy as in the 
classic CFS paradigm. (2) If Chameleon-1 is actually driven 
by the binocular fusion mechanisms, then greater mask-
target similarity (i.e., contrast consistency) would instead 
strengthen masking efficacy.

Method

Participants  We recruited 12 new participants (six males 
and six females, Mage = 24.25 years, age range 20 to 29 
years).

Stimuli  The masking and target stimuli were identical to 
those in Study 1a except for the following changes. The tar-
get moved at a constant speed of 0.2°/s. Four mask-target 
contrast pairing conditions were used: [1, 0.1], [1, 0.5], 
[1, 1], [0.5, 0.5]. The first three contrast pairs would test 
whether the Chameleon-1 paradigm also exhibited stronger 
masking effects on the lower-contrast targets. The fourth 
matched-contrast condition tested whether this paradigm 
specifically relied on the binocular fusion mechanisms.

Procedure  The experimental procedure matched that of 
Study 1a. Participants first completed an ocular-dominance 
test, followed by 12 practice trials before starting the formal 
experiment. In the formal experiment, the masking stimulus 

Table 1   Means and standard errors of breakthrough ratios in Study 1a–c

Study 1a Study 1b Study 1c

Target speed Breakthrough ratio Contrast pairing Breakthrough ratio Size pairing Breakthrough ratio

0.1°/s 0.20 ± 0.05 1–0.1 0.26 ± 0.07 small-small 0.60 ± 0.09
0.2°/s 0.36 ± 0.06 1–0.5 0.35 ± 0.08 small-big 0.35 ± 0.09
0.5°/s 0.72 ± 0.09 1–1 0.38 ± 0.08 big-small 0.59 ± 0.09
1°/s 0.83 ± 0.07 0.5–0.5 0.44 ± 0.08 big-big 0.19 ± 0.07

Fig. 2    Results for Study 1a–c. Note. Error bars represent ± 1 stand-
ard errors of means (SEM). Significance levels are indicated by aster-
isks: *p <.05, **p <.01, ***p <.001. (a) Effects of target speed on 
translational target masking in Study 1a. (b) Masking efficacy across 

four masking-target contrast pairing conditions in Study 1b. (c) 
Effects of four masking-target size pairing conditions on masking 
effects in Study 1c.
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was still presented to the dominant eye and the target stimu-
lus to the non-dominant eye. The experiment consisted of 
16 blocks (four blocks for each contrast combination), with 
the same contrast combination maintained throughout each 
block. The block presentation order was pseudo-randomized 
and counter-balanced across participants. Each block con-
tained 12 trials. The trial structure and participant’s task 
were identical to Study 1a, except for the different masking 
and target stimulus contrasts. The analysis method was the 
same as in Study 1a.

Results

The main effect of contrast combination reached signifi-
cance (F(1.708, 18.789) = 4.560, p = 0.029, η2

p = 0.293, Green-
house–Geisser corrected), yet none of the post-hoc pairwise 
comparisons with Bonferroni adjustment showed significant 
differences (pbonf ≥ 0.162, [– 0.400, 0.074], see Table 1 
and Fig. 2b). Collectively, these findings demonstrate that 
varying contrast relationships between masking and target 
stimuli did not substantially alter the masking efficacy of 
the Chameleon-1 paradigm. This contrast-invariant mask-
ing efficacy suggests a distinct mechanistic basis that differs 
from the contrast-dependent suppression characteristic of 
the CFS paradigm.

Study 1c: The influence of size pairing 
on translational target masking

Study 1c examined how target size modulated masking effi-
cacy in the Chameleon-1 paradigm. Because the masking 
effect in this paradigm presumably relied on the induced 
perceptual fusion between mask and target stimuli, we 
hypothesized that increasing target size would cause stronger 
binocular fusion, which consequently augmented the mask-
ing effect.

Method

Participants  Twelve participants (five males and seven 
females, Mage = 22.00 years, age range 19 to 27 years) par-
ticipated in Study 1c.

Stimuli  The moving speed of target stimulus was fixed at 
0.2°/s, and the target contrast remained constant at 1. The 
target stimulus was rendered in the same way as in Studies 
1a and 1b, with the color of each target square matching the 
color of the corresponding pixels of the masking stimulus 
in each frame. Unlike previous studies that employ size-
matched mask and target elements (typically approximately 
0.5° visual angle; Ananyev et al., 2017; Moors et al., 2014), 
we implemented a 2 × 2 factorial design with mask sizes 
(0.5°, 1°) and target sizes (0.5°, 1°) to create four distinct 

size-pairing conditions: small-small, small-big, big-small, 
and big-big. This design specifically tested our hypothesis 
that larger target stimuli would enhance the masking effi-
cacy in the Chameleon-1 paradigm. Thus, we modified the 
number of the masking elements to ensure that the masking 
elements could fill the 8° × 8° masking region. Specifically, 
the masking stimulus consisted of either 580 squares (0.5°, 
smaller elements) or 250 squares (1°, bigger elements).

Procedure  The experimental procedure followed Study 
1a with the following modifications: there were a total of 
eight blocks, each containing 24 trials. Within each block, 
the masking element size remained constant (counter-bal-
anced across blocks), while the target size varied between 
0.5° (half of trials) and 1° (remaining trials). These two trial 
types were pseudo-randomly interleaved within each block. 
The analysis method matched that of Study 1a.

Results

Our analysis showed a strong main effect of size combina-
tion (F(3, 33) = 13.998, p < 0.001, η2

p = 0.560). Post-hoc 
comparisons of size conditions demonstrated significantly 
higher breakthrough ratios in the small-small condition com-
pared to both the small-big and big-big conditions (pbonf ≤ 
0.046, [0.003, 0.706]). Similarly, the big-small condition 
showed elevated breakthrough ratios relative to the big-
big (pbonf = 0.005, [0.119, 0.693]). These suggested that 
the Chameleon-1 paradigm’s masking efficacy primarily 
depended on the target size rather than the masking element 
dimensions, with optimal performance occurring when tar-
gets were relatively large (see Table 1 and Fig. 2c), thereby 
confirming our original hypothesis.

Study 1d: An attempt to mask BM targets using 
Chameleon‑1

In Study  1d, we investigated the efficacy of the Chame-
leon-1 paradigm in masking complex motion patterns, spe-
cifically BM stimuli (see Section S2 of the supplementary 
information). The findings demonstrated that the Chame-
leon-1 paradigm failed to effectively mask the BM stimuli. 
The breakthrough ratios approached ceiling levels (near 
100%), while the median RTs consistently averaged approxi-
mately 2 s across participants (see Figure S3 in Section S2 
of the supplementary information).

Interim discussion

Study 1 examined the masking efficacy of the Chame-
leon-1 paradigm through four critical parameters: motion 
speed, contrast, size, and motion pattern. Our results 
demonstrated that the Chameleon-1 paradigm exhibited 
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stronger masking efficacy for slow-moving, large target 
stimuli. However, variations in contrast between the mask 
and target stimuli did not yield statistically significant dif-
ferences in masking performance. Notably, the paradigm 
proved ineffective in masking BM stimuli.

Previous findings have shown that faster target motion 
(e.g., 1°/s) significantly reduced masking effectiveness 
(Ananyev et al., 2017; Hong & Blake, 2009). Similarly, 
our Chameleon-1 paradigm failed to effectively mask tar-
gets moving at 1°/s, suggesting a fundamental limitation in 
applying these paradigms for studying unconscious motion 
processing. Importantly, Chameleon-1 shows contrast-
independent masking mechanism. It is well known that 
classic CFS paradigms exploit interocular suppression 
mechanisms to mask targets. To extend masking duration, 
researchers often present the target stimulus in a gradual 
fade-in (ramping up its contrast) manner (e.g., del Río 
et al., 2018; Liu et al., 2016; Mudrik et al., 2011; Sun 
et al., 2022), then maintaining CFS stimuli at high con-
trast to ensure robust masking (e.g., Dong et al., 2022; 
Han et al., 2016, 2019; Ludwig et al., 2016). By contrast, 
the Chameleon-1 paradigm relies on consistent target-
mask colors and positions, suggesting that this approach 
involves fundamentally different masking processes based 
on binocular fusion rather than interocular competition. 
Accordingly, high-contrast targets promote stable fusion 
through strong color consistency with masks, while low-
contrast targets, despite their reduced salience, simultane-
ously exhibit diminished color consistency that disrupts 
fusion stability. These opposing influences ultimately pro-
duce comparable masking efficacy across contrast con-
ditions. Moreover, we found superior masking for larger 
target stimuli, which we attribute to enhanced pattern 
matching between the extended spatial configuration of 
the larger stimuli and the masking pattern, thereby facili-
tating binocular fusion.

However, the light points of typical BM stimuli are often 
small (e.g., 0.1°) and moving at relatively higher speed (> 
1°/s, particularly for the feet points). Therefore, the masking 
efficacy of Chameleon-1 for BM stimuli was unsatisfactory. 
To address these constraints, we implemented targeted modi-
fications in Study 2.

Study 2: The Chameleon‑2 Paradigm

We developed an enhanced Chameleon-2 paradigm in 
Study 2. This new paradigm adopts random-dot masks and 
enforces strict size, color and spatial alignment between tar-
get stimuli and masking elements, ensuring their real-time 
perceptual correspondence (for details see Stimuli section 
of Study 2a).

Study 2a: Masking of BM targets using Chameleon‑2

In Study 2a, we pursued two key objectives: (1) developing 
the Chameleon-2 paradigm to specifically accommodate the 
distinctive characteristics of BM stimuli, and (2) investigat-
ing how target-mask color consistency influences masking 
efficacy.

Method

Participants  Twenty participants (seven males and 13 
females, Mage = 21.70 years, age range 18–25 years) par-
ticipated in Study 2a. The numbers of participants in Study 
2 were predetermined based on the sample sizes of recent 
b-CFS studies on BM (Sun et al., 2017, 2022).

Stimuli  A red central fixation point (RGB: [255 0 0]) was 
presented on a mid-gray background of the screen. To facili-
tate binocular fusion, two 10° × 10° fusion frames were 
presented on the left and right screen halves. The masking 
stimulus consisted of solid-colored circular elements in ten 
distinct colors (RGB values: [255 0 0], [255 255 0], [0 255 
0], [0 0 255], [255 0 128], [0 255 255], [255 128 0], [128 
0 255], [0 128 255], [128 0 128]). We generated 95 stimu-
lus images (each subtending 9.96° × 9.96°) containing 500 
masking elements (0.1° diameter, five elements/deg2 den-
sity), with randomized colors and positions. All elements 
flickered at 60 Hz.

The BM target was generated using PsychToolbox-3 (Brain-
ard, 1997) and BioMotion Toolbox (van Boxtel & Lu, 2013) 
in MATLAB (The MathWorks, Natick, MA, USA), adopting 
the same motion-capture source (Carnegie Mellon Graph-
ics Lab Motion Capture Database: http://​mocap.​cs.​cmu.​edu, 
document number: 08_04.c3d) and processing pipeline as 
Mei et al. (2018). Following Mei et al.’s (2018) protocol, we 
selected 20 of the original 41 light points to construct the 
point-light walker (PLW), and extracted one walking cycle 
(frames 235–329) for stimulus generation. Therefore, a total 
of 95 frames of images were created with 60-Hz position 
updates for the light points. Each light point had a diameter 
of 0.1°, matching the size of the masking stimulus elements, 
while the complete BM stimulus subtended 2.4° × 3.2°. 
Using the BioMotion Toolbox, we applied four modifica-
tions to the original upright, rightward-walking BM stimulus 
derived from the motion capture data. All the BM stimuli 
were pre-generated offline through the following steps: (1) 
applying the Smooth function to ensure smooth transitions 
between walking cycles; (2) translating the BM stimulus 
2.74° leftward or rightward for visual field positioning; (3) 
rotating the rightward-walking stimulus 180° to create left-
ward-walking versions; and (4) using the Invert function to 
generate inverted variants from both upright leftward- and 

http://mocap.cs.cmu.edu
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rightward-walking stimuli. This procedure yielded eight 
final stimulus types: left-visual-field leftward-upright (LVF-
LU), left-visual-field rightward-upright (LVF-RU), left-
visual-field leftward-inverted (LVF-LI), LVF-RI, RVF-LU, 
RVF-RU, RVF-LI, and RVF-RI. To strengthen the masking 
effect, we modified the original 20 light point positions (out-
put from BioMotion Toolbox) by aligning each point with 
the nearest circular element in the corresponding masking 
stimulus frame. This process created 95 stimulus pairs (one 
target and one masking image per frame). For each pair of 
stimuli, we identified the 20 masking elements closest to the 
original light point positions, and used these element posi-
tions as the actual light point locations (see Fig. 3c). If mul-
tiple light points happened to have the same nearest circular 
element, duplicate assignments were resolved by selecting 
progressively distant elements (second-nearest, etc.). This 
guaranteed exactly 20 distinct light points per frame. The 
resulting positional offset measured 0.22° ± 0.02° (mean 
± SD), representing 29.73% of the average skeleton length 
(0.74° ± 0.53°). Consequently, the signal-to-noise ratio of 
BM information was calculated as 70.27% (1 - offset per-
centage). We call this target stimulus Chameleon BM. By 
using the upright/inverted BM stimuli, we also examined 
whether our Chameleon targets preserved BM information 
or not through the well-established inversion effects (i.e., 
higher breakthrough ratios for the upright versus inverted 
BM stimuli, Sun et al., 2022).

After determining the positions of the 20 light points, 
we implemented three target stimulus conditions based on 
color consistency with the masking stimulus. In the color-
consistent condition, the 20 light points in the target stimulus 

adopted both the positions and colors of their corresponding 
masking stimulus elements. For the color-inconsistent con-
dition, each light point's color was randomly selected from 
the ten colors comprising the masking stimulus, maintaining 
positional matching but varying colors. The black condi-
tion preserved the same positional matching while rendering 
all light points black. Crucially, while light point positions 
remained consistent with masking elements across all three 
conditions, color consistency served as our independent 
variable. This design yielded 24 stimulus groups (8 types × 
3 conditions), with each group containing 95 target images 
systematically paired with 95 masking stimuli.

Procedure  The formal experiment comprised eight blocks, 
with each block containing 24 trials (8 stimulus types × 3 
conditions). Each trial began with the masking stimulus 
presented alone to the dominant eye for either 500 or 1000 
ms. Subsequently, while the masking stimulus continued, a 
target stimulus appeared in the non-dominant eye. Partici-
pants were instructed to indicate the PLW’s walking direc-
tion immediately upon detection using the corresponding 
key press (LeftArrow for leftward, and RightArrow for 
rightward). Only correct responses were counted as break-
throughs. Upon key press, the target stimulus disappeared 
while the masking stimulus persisted for an additional 
500 ms. If no response was made within 10 s, both stimuli 
terminated simultaneously. During simultaneous presenta-
tion of the masking and target stimuli, the pre-generated 
stimulus pairs were displayed in a continuous loop (95 
frames/loop, ~ 1.6 s per loop). Following stimulus offset 
(regardless of participant response), a 1-s inter-trial interval 

Fig. 3     Schematic illustration of target stimuli generation in Study 
2. Note. (a) Original BM stimulus generated by BioMotion Toolbox. 
(b) Black open circles (identical to panel a) show theoretical posi-
tions from the BioMotion Toolbox. Black solid circles show the tar-
get positions for Study 2a, aligned with the positions of their nearest 
masking stimulus elements. Mid-gray solid circles show the target 
positions for the position-inconsistent condition in Study 2b (mirror-

symmetric the black solid circles across the open circles). The dashed 
lines are used to clarify their mirror-symmetric relationship. (c) 
The Chameleon BM stimulus for Study 2a and the position-consist-
ent condition in Study 2b. (d) The Chameleon BM stimulus for the 
position-inconsistent condition in Study 2b. While we actually used 
20-light-point stimuli in the studies, this schematic displays only 16 
light points for better visualization purpose.
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(mid-gray background) preceded the next trial (see Fig. 1b). 
Both the masking and target stimuli maintained 100% con-
trast throughout the experiment. Between blocks, an on-
screen message ("Take a break! You still have N blocks to 
complete. Press 'space' to continue.") allowed participants to 
rest briefly before proceeding to the next block via spacebar 
press. Prior to the formal experiment, participants completed 
12 practice trials to acclimate to the task. The formal experi-
ment duration was approximately 35 min.

Additionally, in the Chameleon-2 paradigm, all light 
point positions in each target stimulus frame are derived 
from the masking stimulus, which means that the posi-
tional information is embedded within the masking stimu-
lus. To verify participants could not utilize this embedded 
information, we conducted a control experiment following 
the main task (see Section S3 of the supplementary infor-
mation for details).

Analysis  We performed a repeated measures ANOVA 
with two within-subject factors: target condition (color-
consistent, color-inconsistent, black) and target orientation 
(upright, inverted). The analysis included two dependent 
measures: mean breakthrough ratios and median RTs. For 
RT calculations, we considered only correct-response trials 
and non-response trials, with non-responses coded as the 
maximum stimulus duration (10 s).

Results

For the trials where the BM target reached awareness, par-
ticipants accurately reported its walking direction (92.11% 
± 1.73%). Descriptive statistics and ANOVA results are 
presented in Tables 2 and 3, respectively. Regarding the 
breakthrough ratios, a significant main effect of target con-
dition was found. Specifically, the breakthrough ratios in the 
color-consistent condition and color-inconsistent condition 
were significantly lower than that in the black condition. 
No significant difference was observed between the color-
consistent and color-inconsistent conditions. These results 
suggested that the masking effect was more effective when 
the BM target shared color properties with the masking stim-
ulus, regardless of whether their colors matched. Moreover, 
a significant main effect of target orientation was observed, 
with the upright targets exhibiting a higher breakthrough 
ratios compared to the inverted targets. This inversion effect 
aligns with the prior findings demonstrating that BM stimuli 
are sensitive to orientation (Troje & Westhoff, 2006), con-
firming that the Chameleon BM target maintained its BM 
properties.

A significant two-way interaction between the target con-
dition and orientation was also found (see Fig. 4a). First, a 
robust inversion effect occurred across all the target condi-
tions (pbonf < 0.001, [0.130, 0.448]). Specifically, the inver-
sion effect was stronger in the color-consistent condition 
than in the black condition (pbonf = 0.001, [0.051, 0.209]). 
Additionally, within each BM orientation, both the color-
consistent and color-inconsistent conditions showed lower 
breakthrough ratios than the black condition (pbonf ≤ 0.006, 
[– 0.433, – 0.055]). Further analysis revealed that the dispar-
ity in breakthrough ratios between the color-consistent and 
black conditions was larger for the inverted versus upright 
targets (pbonf < 0.001, [– 0.193, – 0.067]).

The RT results exhibited a similar pattern. For the rea-
sons outlined in the Introduction, we only present the grand 
median and individual data in Fig. 4b, omitting formal 

Table 2   Means and standard errors of breakthrough ratios in Study 2a

Condition Overall Upright Inverted

Color-consistent 0.69 (0.04) 0.87 (0.02) 0.52 (0.07)
Color-inconsistent 0.63 (0.06) 0.78 (0.06) 0.48 (0.07)
Black 0.88 (0.02) 0.99 (0.01) 0.77 (0.04)

Table 3   ANOVA and post hoc comparisons for breakthrough ratios in Study 2a

The df for the main effect of condition are Greenhouse–Geisser corrected. pbonf = Bonferroni-corrected p value. CI = confidence interval.

Main effects and interaction F-value df p value η2
p

Condition (main effect) 19.544 1.449, 27.524 < 0.001 0.507
Orientation (main effect) 54.558 1, 19 < 0.001 0.742
Condition × orientation 6.386 2, 38 0.004 0.252
Post hoc comparisons pbonf 95% CI
Color-consistent vs. color-inconsistent 0.423 [– 0.043, 0.163]
Color-consistent vs. black < 0.001 [– 0.265, – 0.109]
Color-inconsistent vs. black < 0.001 [– 0.383, – 0.111]
Main effect contrast p value 95% CI
Upright vs. inverted < 0.001 [0.207, 0.370]
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statistical reporting. A supplementary analysis was con-
ducted to examine the proportion of non-response trials. 
Non-response trials were defined as those in which no tar-
get detection occurred throughout the entire 10-s presenta-
tion window. Critically, the pattern of results for the non-
response trials mirrored that of the breakthrough ratios (see 
Table S1 and Figure S5a, in Section S4 of the supplemen-
tary information). This measure provides a complementary 
assessment of full masking efficacy, augmenting insights 
from breakthrough ratio analyses. Furthermore, the control 
experiment revealed that the masking stimulus contained no 
coherent motion information that could be either consciously 
detected or reliably reported (see Figure S4, in Section S3 of 
the supplementary information).

Study 2b: The role of position consistency

Study 2a examined how target-mask color consistency 
affected the masking efficacy of Chameleon-2. Study 2b 
further tested the necessity of target-mask positional con-
sistency for successful masking within this paradigm. For 
this goal, we included a position-inconsistent (control) 
condition to compare it with the position-consistent con-
dition. The spatial offset of each light point relative to its 
corresponding original BM element was kept comparable 
across the two conditions, yet only the light points in the 
position-consistent condition aligned with the masking ele-
ments. Therefore, any observed advance of the masking 

efficacy of the position-consistent condition relative to the 
position-inconsistent condition would reflect the expected 
role of spatial correspondence in masking.

Method

Participants  We recruited 20 participants (seven males and 
13 females, Mage = 23.10 years, age range 18–27 years) in 
Study 2b.

Stimuli  Similar to Study 2a, we used eight types of tar-
get stimuli flickering at 60 Hz, but defined conditions by 
position consistency rather than color consistency. Three 
position-determination methods were employed: (1) posi-
tion-consistent condition (analogous to Study 2a's color-
inconsistent condition) where each light point's position 
matched its nearest masking element while its color was 
randomly selected from the ten masking stimulus colors 
(see Fig. 3c); (2) position-inconsistent condition (same 
color assignment as position-consistent) where each light 
point's position was determined by mirroring its position-
consistent location across its BioMotion-calculated position 
(see Fig. 3d), maintaining equal distance from the calcu-
lated position while differing from masking elements; and 
(3) black condition (all black light points). We split trials in 
the black condition equally between the position-consistent 
and position-inconsistent determination methods to prevent 
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Fig. 4    Results for Study 2a. Note. Error bars represent ± 1 SEM. col-Con, color-consistent condition; col-Incon, color-inconsistent condition. 
The dots show the individual data. The results of (a) breakthrough ratios and (b) median RTs across target-mask color consistency in Study 2a.



Behavior Research Methods           (2026) 58:59 	 Page 11 of 24     59 

learning bias from unequal supra-threshold PLW exposures 
during breakthroughs.

Procedure  The experimental procedure and task were 
similar to Study 2a. The data analysis followed the same 
approach as in Study 2a.

Results

Participants demonstrated competent performance in judging 
the walking direction of the BM target (88.72% ± 1.61%). 
Descriptive statistics and ANOVA results are presented in 
Tables 4 and 5, respectively. The ANOVA on breakthrough 
ratios revealed a significant main effect of target condition. 
The position-consistent condition yielded significantly lower 
breakthrough ratios than both the position-inconsistent and 
black conditions. Additionally, the position-inconsistent 
condition showed significantly lower breakthrough ratios 
than the black condition. These results replicate the find-
ing in Study 2a that the black BM targets broke into aware-
ness more easily than the colorful ones when using colorful 
masking stimuli. More importantly, the results indicate that 
the position consistency between the BM target and mask 
substantially strengthens the masking effectiveness. We also 
found a main effect of target orientation, showing higher 
breakthrough ratios for the upright targets compared to the 
inverted ones. This replicates the characteristic inversion 
effect in BM processing.

Besides, the interaction between the target condition 
and orientation was significant (see Fig. 5a). Notably, 
significant inversion effects were present across all tar-
get conditions (pbonf ≤ 0.001, [0.114, 0.342]). Post hoc 
comparisons showed stronger inversion effects in the 
position-consistent condition than in the black condition 
(pbonf = 0.028, [0.007, 0.158]). Within each BM orien-
tation, the position-consistent condition showed lower 
breakthrough ratios than the position-inconsistent condi-
tion, with both being lower than the black condition (pbonf 
≤ 0.019, [– 0.578, – 0.024]). The interaction manifested 
as a larger difference in breakthrough ratios between the 
position-consistent and black conditions for the inverted 
versus upright targets (pbonf = 0.009, [– 0.143, – 0.022]).

The RT results, showing patterns similar to the break-
through ratios, are presented in Fig. 5b without statistical 
reporting to maintain the focus on the primary findings. 
A similar pattern was also observed in the proportion of 
non-response trials (see Table S2 and Figure S5b, in Sec-
tion S4 of the supplementary information).

Study 2c: Binocular fusion of Chameleon‑2

To investigate the underlying mechanisms of the Cha-
meleon-2 paradigm, Study 2c employed binocular eye-
tracking, testing whether the target’s breakthrough stems 
from imperfect fusion led by fixation disparity (Ogle et al., 
1949) rather than unconscious BM processing (see Sec-
tion S5 of the supplementary information). Crucially, our 
analyses revealed no significant differences in the fixa-
tion disparity between the breakthrough and non-response 
trials, suggesting stable binocular fusion during the BM 
observation and eliminating fusion disruption as a poten-
tial mechanism for breakthrough.

Table 4   Means and standard errors of breakthrough ratios in Study 
2b

Condition Overall Upright Inverted

Position-consistent 0.53 (0.06) 0.66 (0.06) 0.39 (0.06)
Position-inconsistent 0.69 (0.05) 0.81 (0.05) 0.56 (0.05)
Black 0.89 (0.02) 0.98 (0.01) 0.80 (0.04)

Table 5   ANOVA and post hoc comparisons for breakthrough ratios in Study 2b

The df for the main effect of condition are Greenhouse–Geisser corrected. pbonf = Bonferroni-corrected p value. CI = confidence interval.

Main effects and interaction F-value df p value η2
p

Condition (main effect) 26.101 1.453, 27.605 < 0.001 0.579
Orientation (main effect) 53.887 1, 19 < 0.001 0.739
Condition × orientation 3.833 2, 38 0.030 0.168
Post hoc comparisons pbonf 95% CI
Position-consistent vs. position-incon-

sistent
0.001 [– 0.257, – 0.066]

Position-consistent vs. black < 0.001 [– 0.529, – 0.198]
Position-inconsistent vs. black 0.001 [– 0.328, – 0.075]
Main effect contrast p value 95% CI
Upright vs. inverted < 0.001 [0.169, 0.305]
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Interim discussion

To optimize the masking efficacy for BM stimuli, we devel-
oped the Chameleon-2 paradigm. Studies 2a and 2b system-
atically investigated the masking effects of this paradigm 
by examining target-mask color consistency and position 
consistency.

Our findings revealed that color influenced the masking 
efficacy of Chameleon-2, but this effect was driven by the 
global color pattern of the target stimuli rather than the spe-
cific color of individual light points. Specifically, a colored 
pattern enhanced masking intensity compared to an achro-
matic pattern. Critically, Study 2a demonstrated that Cha-
meleon-2 generated significantly stronger masking effects 
on BM stimuli. By using a classic CFS paradigm to pre-
sent low contrast BM stimuli for 2 s per trial (ramped up 
from zero to 10% contrast for 900 ms and maintained for 
1100 ms), previous work achieved a breakthrough ratio of 
~ 67% (estimated according to their d’ results, Sun et al., 
2022). As a more direct comparison, the breakthrough ratios 
re-calculated within the first 2-s window in trials of Study 2a 
were as low as 15.96%. This masking efficacy is far better 
than both the classic CFS paradigm and Chameleon-1. Bear 
in mind, our Chameleon-2 paradigm allowed abrupt pres-
entation of full-contrast BM stimuli for 10 s. Considering 
the high contrast energy of the target throughout the entire 
trial length, this way of presenting targets is supposed to be 
more challenging than the contrast-ramping manner in the 
classic CFS paradigm.

Study 2b also achieved low breakthrough ratios (14.92%) 
within the initial 2-s window of trials, replicating the finding 
in Study 2a. Moreover, Study 2b demonstrated that maximal 
masking efficacy required precise spatial alignment between 
the BM light points and their corresponding masking ele-
ments. Complete position consistency enabled full percep-
tual fusion between the BM stimuli and masking patterns, 
yielding significantly stronger masking. Conversely, position 
inconsistency led to interocular conflict by superimposing 
light points onto the gray background in the opposite eye. 
Such interocular mismatch reduced masking effectiveness. 
These results identify position consistency as a critical deter-
minant of optimal masking performance in the Chameleon-2 
paradigm. Importantly, both Studies 2a and 2b demonstrated 
significant inversion effects (e.g., in Study 2a, inverted: 
breakthrough ratios = ~ 50%, median RTs = 7 s; upright: 
breakthrough ratios = ~ 83%, median RTs = 4 s), verifying 
that the Chameleon BM stimuli maintained the essential BM 
information (Troje & Westhoff, 2006). Notably, the inver-
sion effect was markedly stronger in the color-consistent/
position-consistent condition than in the black condition, 
likely attributable to extended masking duration facilitated 
by target-mask feature consistency—a finding congruent 
with Gayet and Stein’s (2017) observation that prolonged 
masking enhances the inversion effects.

Moreover, one may argue that breakthroughs are simply 
due to imperfect binocular fusion rather than accumulation 
of subliminal sensory evidence. However, the eye move-
ment data of Study 2c showed no significant differences in 

Fig. 5     Results for Study 2b.  Note. Error bars represent ± 1 SEM. 
pos-Con, position-consistent condition; pos-Incon, position-inconsist-
ent condition. The dots show the individual data. The results of (a) 

breakthrough ratios and (b) median RTs across target-mask position 
consistency in Study 2b.
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the fixation disparity between the breakthrough and non-
response trials, nor were there any discernible fluctuations 
in the fixation disparity patterns across the trial types, pro-
viding compelling evidence against the argument of fusion 
instability (see Section S5 of the supplementary informa-
tion). Rather, we propose that participants could successfully 
extract and process BM information even under complete 
fusion, with this unconscious processing ultimately lead-
ing to perceptual breakthrough. Building upon our validated 
Chameleon-2 paradigm for BM masking, we then utilized 
this optimized paradigm to explore unconscious BM pro-
cessing in Study 3.

Study 3: Application of the Chameleon‑2 
Paradigm

To our best knowledge, the Chameleon-2 paradigm, for the 
first time, allows efficient masking (< 16% breakthroughs 
within the first 2 s) of high-contrast BM stimuli. The rela-
tively long masking duration and presentation of high-con-
trast target stimuli throughout a trial makes Chameleon-2 a 
promising candidate paradigm for neuroimaging research to 
explore the neural correlates of unconscious BM processing. 
Nevertheless, to avoid difficulties in interpreting potential 
negative results from experiments measuring unconscious 
BM processing, we decided that in Study 3a, we would 
measure brain activity in response to the Chameleon BM 
targets but without presenting the masks (i.e., under a con-
scious level). Afterwards, Study 3b would measure any 
potential brain activity for unconscious BM processing with 
both the masks and BM stimuli presented.

Study 3a: Conscious processing of Chameleon BM

When creating the Chameleon BM stimuli, the light points 
of the BM targets were repositioned to align with the mask 
patterns. This would inevitably add a certain degree of noise 
to the targets. Study 3a first assessed the BM-processing 
related rSTS activation during conscious perception of the 
Chameleon BM targets (without the masking stimuli) to con-
firm that BM signal is detectable even with the added noise.

Method

Participants  We recruited thirty participants (11 males and 
19 females, Mage = 22.40 years, age range 19–26 years) in 
Study 3a. The number of participants in Study 3 was prede-
termined based on the sample sizes of recent fNIRS studies 
on BM (Lisboa et al., 2020a, 2020b).

Stimuli  Stimuli were displayed on a gamma-corrected 
27-inch HP 27Y monitor (1920 × 1080 pixel resolution, 

refresh rate: 60  Hz, average brightness: 41.82 cd/m2). 
White stimuli (RGB: [255 255 255]) were presented on a 
black background (RGB: [0 0 0]). No masking stimulus was 
presented in this experiment, thus the participants directly 
viewed the BM stimuli displayed at the central fixation point. 
Four BM stimulus types (left/right directions) were used: (1) 
intact BM (original PLW from Study 2); (2) scrambled BM 
(randomized point positions with preserved trajectories via 
BioMotion Toolbox); (3) Chameleon BM (identical to Study 
2); (4) Chameleon scrambled BM (scrambled reconstruction 
using masking element positions).

fNIRS data acquisition  Hemodynamic data were acquired 
using a LABNIRS system (Shimadzu Inc., Japan), recorded 
at near-infrared wavelengths 780/805/830 nm and 55.56-
Hz sampling (18 ms sampling interval). Prior to recording, 
we localized the ROIs (STS) using the transcranial imaging 
and neural regulation dual navigation system (Xiao et al., 
2018). This procedure involved first obtaining scalp surface 
topography for each participant, followed by computation of 
STS coordinates through co-registration of the international 
10–20 system with the anatomical automatic labeling (AAL) 
atlas. The optode configuration was then carefully adjusted 
to these coordinates to ensure optimal coverage of the ROIs. 
The final optode configuration was centered on FC5 and FC6 
according to the international 10–20 system, with bilateral 3 
× 3 grid configurations (five sources and four detectors per 
hemisphere) maintaining an inter-optode distance of 30 mm. 
This arrangement generated 12 channels per hemisphere (24 
channels total), providing coverage of bilateral temporal-
parietal regions with extension into adjacent frontal areas 
(see Fig. 6).

Following data collection, we performed post-experiment 
optodes localization using a Fastrak 3D tracking and digi-
tizing system (Polhemus Inc., VT). For each participant, we 
recorded the spatial coordinates of all optodes along with 
four anatomical landmarks: the nasion (Nz), vertex (Cz), and 
bilateral preauricular points (AL and AR). These localiza-
tion data were then co-registered with standard brain tem-
plates from the Montreal Neurological Institute (MNI) to: 
(1) compute the precise spatial coordinates of each channel, 
and (2) evaluate their corresponding cortical subdivisions.

Procedure  Participants viewed stimuli from 80 cm with 
head position stabilized using a forehead rest. The experi-
ment employed a block design consisting of 32 blocks (eight 
blocks per condition), each containing ten trials (five with 
leftward and five with rightward movement directions) pre-
sented in a pseudo-random order. Each trial began with a 
500-ms presentation of a white fixation cross, followed by 
a 1.6-s BM stimulus displaying one complete gait cycle. 
During the stimulus presentation, participants monitored 
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the fixation point for 200-ms color changes (from red to 
green, randomly between 0.5 and 1.1 s post-stimulus onset; 
see Figure S8, in Section S6 of the supplementary informa-
tion), responding via the spacebar. Inter-block rests lasted no 
less than 18 s. The fNIRS data were acquired continuously 
during the ~ 20-min task, with the total session duration 
(including preparatory setup, practice, and post-experiment 
optode localization) reaching approximately 80 min.

Analysis  The acquisition system provided raw measure-
ments, including absorbance at each near-infrared wave-
length and hemodynamic parameters (oxygenated hemo-
globin (HbO), deoxygenated hemoglobin (HbR), and 
total hemoglobin). The fNIRS and localization data were 
processed and analyzed using NIRS-KIT v2.0 (Hou et al., 
2021, integrated with MATLAB, The MathWorks, Natick, 
MA, USA). The analysis consisted of four major steps: (1) 
data organization, (2) preprocessing, (3) spatial localization 
analysis, and (4) analysis of hemodynamic signal changes.

The initial data organization stage involved extracting 
baseline epochs (2-s pre-stimulus windows) and experi-
mental epochs (20-s post-stimulus periods) for each experi-
mental condition. Preprocessing followed the methodology 
described by He and Bao (2024). For details, see Section S6 
of the supplementary information.

In the spatial localization analysis, we first processed 
the post-experiment Fastrak coordinate data by computing 
the mean positions of four reference points and 24 channels 
across participants. These averaged positions were trans-
formed to MNI coordinates using NIRS-KIT. Then we per-
formed probabilistic anatomical mapping against the AAL 
atlas, assigning each channel to the brain region showing the 
highest probability of overlap.

Hemodynamic analysis involved computing condition-
wise mean HbO/HbR concentrations across channels at each 
timepoint. These time-series data were then compared to 
their corresponding baselines using paired-sample t tests to 
identify significant hemodynamic fluctuations. We restricted 

Fig. 6     Optode configuration for Study 3.  Note. (a) The optode 
arrangement consisted of emitter–detector pairs, with emitters (T) 
indicated by red symbols and detectors (R) shown in blue. Adjacent 
emitter–detector pairs were spaced 30 mm apart to form measurement 
channels (underlines). Each cerebral hemisphere contained 12 chan-

nels, yielding a total of 24 channels. Dotted lines indicate geodesic 
distances along the scalp relative to Cz (vertex). All schematic ele-
ments are representational and not drawn to scale. (b) Corresponding 
spatial distribution of the 24 channels projected onto a standard brain 
template.
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our analysis to significant increases in HbO concentrations 
and decreases in HbR concentrations. Temporal patterns of 
significant activation (p < 0.05, uncorrected) were used to 
define time windows for subsequent analysis. Within these 
time windows, we calculated the mean hemodynamic ampli-
tude for each condition, focusing on channels within prede-
fined ROIs. To address multiple comparisons, false discov-
ery rate (FDR) correction was applied separately for each 
hemisphere, with the threshold adjusted according to the 
number of ROI channels. Statistical comparisons between 
conditions were only performed when at least two condi-
tions exhibited significant hemodynamic changes after cor-
rection. Our analysis included an exploratory examination 
of non-ROI channels (see Section S6 of the supplementary 
information for details).

Results

After preprocessing, 1.45% of data blocks were excluded 
based on the quality control criteria. Temporal analysis of 

mean hemodynamic responses across all channels revealed 
condition-specific patterns. Compared to baseline (p < 0.05, 
uncorrected), significant HbO concentration increase clus-
tered in two distinct phases: an early synchronized response 
(2–6 s) across all conditions, and a later sustained activa-
tion (12–18 s) exclusive to intact and scrambled Chameleon 
BM conditions (see Fig. 7). No significant HbR concentra-
tion decrease was detected. Based on established literature 
demonstrating HbO’s superior sensitivity in detecting neural 
activation (Lloyd-Fox et al., 2010; Strangman et al., 2002), 
subsequent analysis focused on these two HbO time win-
dows (2–6 s and 12–18 s).

Guided by our hypothesis that the STS underlies BM pro-
cessing, we focused on its activation. Although fNIRS can-
not directly resolve the STS due to limited spatial resolution 
(Pinti et al., 2020), hemodynamic responses in the superior 
temporal gyrus and middle temporal gyrus likely reflect con-
current STS activation through shared vasculature. There-
fore, optode localization mapped channels 8, 10–12 to the 
left STS (lSTS), and channels 20, 23–24 to the rSTS.

Fig. 7    Grand average of baseline-corrected HbO and HbR concentra-
tions in Study 3a. Note. The gray dashed line indicates baseline level, 
while the red dashed line marks stimulus onset. Time points with 

statistically significant deviations from baseline (HbO concentrations 
increase/HbR concentrations decrease;  p  < 0.05, uncorrected) are 
marked with asterisks. 
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Paired sample t tests of HbO concentrations change dur-
ing the 2–6-s time window revealed similar activation pat-
terns across conditions (see Fig. 8a). Intact BM stimuli acti-
vated both lSTS and rSTS, though only the rSTS activation 
survived the FDR correction. Scrambled BM stimuli selec-
tively activated the rSTS. Chameleon BM stimuli mirrored 
intact BM’s bilateral activation pattern but only the rSTS 
survived the FDR correction. Chameleon scrambled BM 
stimuli showed uncorrected bilateral activation. Repeated 
measures ANOVA revealed no significant differences in acti-
vation between the conditions (F(3, 87) = 0.600, p = 0.616, 
η2

p = 0.020).
Late-phase HbO analysis (12–18 s) showed condition-

specific activation patterns (see Fig. 8b). Scrambled BM 
selectively activated the rSTS, while Chameleon BM elicited 
significant lSTS activation. Its scrambled version showed 
uncorrected activation in bilateral STS regions. Intact BM 
showed no late-phase activation (t(29) ≤ 1.594, puncorr ≥ 
0.122), suggesting earlier completion of core processing for 
this condition. Complete results are summarized in Table 6.

Interim discussion

Individual light points in the Chameleon BM stimuli are 
spatially shifted, yet they oscillate around the underlying 

skeletal structure, thereby preserving both a certain degree 
of local motion and global configural information. By 
using the fNIRS technique, Study 3a revealed that the 
consciously presented Chameleon BM stimuli (masks not 
displayed) activated the rSTS, a key region for BM pro-
cessing (e.g., Allison et al., 2000; Lisboa et al., 2020a, 
2020b; Troje, 2013; Wang et al., 2023) rather than non-
BM (e.g., mechanical movements, Pelphrey et al., 2003; 
Pelphrey & Morris, 2006). This indicates that these stimuli 
indeed preserve sufficient BM features to engage special-
ized visual processing mechanisms. Crucially, scrambling 
the Chameleon BM—which disrupts its global structure—
substantially reduced the rSTS activation, though a weak 
residual response persisted that did not reach FDR-cor-
rected significance.

In addition, scrambled BM stimuli—which disrupt spa-
tial configuration but preserve local motion trajectories—
activated the rSTS in our study. This result contributes to 
an ongoing debate in the literature. Some studies report 
absent or weak rSTS responses to scrambled BM (Peuskens 
et al., 2005; Lisboa et al., 2020b), while others report sig-
nificant activation, albeit often reduced compared to intact 
BM (Saygin et al., 2004; Jastorff & Orban, 2009). Our find-
ings support the view that local motion within scrambled 
BM stimuli can still engage the rSTS, consistent with the 

Fig. 8    Distribution of HbO activation at two time windows in Study 3a
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model proposing integrative motion processing in this region 
(Giese & Poggio, 2003).

In fact, the preservation of BM information across these 
four stimulus types can be characterized along two dimen-
sions: local motion and global configuration. The intact 
BM preserves both; the scrambled BM preserves only local 
motion but lacks global configuration; the Chameleon BM 
incorporates spatial perturbations in both local and global 
features; the Chameleon scrambled BM combines these 
perturbations with a complete loss of global configuration. 
Therefore, the rSTS activation patterns in the four experi-
mental conditions suggest that this region encodes BM infor-
mation in a graded manner, relying on both local motion and 
global configural cues.

Interestingly, the Chameleon BM stimuli also activated 
the lSTS, another well-established region in BM processing 
(Herrington et al., 2011; Peelen & Downing, 2007; Puce 
& Perrett, 2003). This bilateral STS activation pattern con-
trasts with the right-lateralized STS response to the intact 
or scrambled BM stimuli, which may result from the novel 
perceptual demands of the Chameleon BM to integrate the 
global structure with the local motion perturbations. Actu-
ally, the pattern aligns with proposals that BM processing 
initially involves the bilateral STS, with the right-hemi-
sphere dominance strengthening through perceptual expe-
riences (Grossmann, 2015; Lisboa et al., 2020a).

Study 3b: Unconscious processing of Chameleon BM

Given the clear neural evidence from Study 3a that the Cha-
meleon BM stimuli preserve relevant BM properties under 
the conscious viewing conditions, Study 3b was designed to 

investigate the neural correlates of its unconscious process-
ing using masking.

Method

Participants  We recruited 30 participants (12 males and 
18 females, Mage = 21.13 years, age range 18–24 years) in 
Study 3b.

Stimuli  The experimental setups, including equipment and 
optode configuration, were identical to Study 3a. The stimuli 
for Study 3b replicated that of Study 2a, comprising: mask-
ing stimuli and Chameleon BM stimuli.

Procedure  The experiment involved two sessions (≥ 48 
h apart). Session 1 included eye-dominance testing (rep-
licating Study 1) and fNIRS acquisition using a protocol 
similar to Study 3a (see Figure S8, in Section S6 of the sup-
plementary information). Participants completed 30 blocks 
(15/condition) in pseudo-random order: (1) Mask-only 
condition—only the dominant eye received masking stim-
uli; (2) BM-present condition—the dominant eye viewed 
masks while the non-dominant eye saw the Chameleon BM 
stimuli. Each trial began with a variable-duration mask 
(100/200/300/400 ms) in the dominant eye. Subsequently, 
while the dominant eye continued to display the masking 
stimulus for an additional 1.6 s, the non-dominant eye was 
exposed to either a Chameleon BM stimulus or a fixation 
point. Although the short 1.6-s exposure duration made 
perceptual breakthroughs not very likely (per Study 2 find-
ings), participants were nevertheless instructed to report the 
perceived direction of PLW whenever detected. To accom-
modate this, we implemented a dual-response paradigm 

Table 6   Results for Study 3a

Only increases in HbO concentrations were found and presented. The anatomical regions were defined according to the AAL atlas. Probabilities 
for each region are shown in parentheses. lSTS = left superior temporal sulcus; rSTS = right superior temporal sulcus; BM = biological motion; 
puncorr = uncorrected p values; pFDR = false discovery rate-corrected p values; n.s. = not significant.

Time window Condition Channel MNI Regions t(29) puncorr pFDR d

2–6 s Intact BM 8 [– 62, 4.333, 2.333] lSTS (0.395) 2.572 0.016 n.s. 0.470
20 [70, – 39.667, 24.333] rSTS (0.527) 3.224 0.003 < 0.05 0.589

Scrambled BM 20 [70, – 39.667, 24.333] rSTS (0.527) 3.338 0.002 < 0.05 0.609
Chameleon BM 8 [– 62, 4.333, 2.333] lSTS (0.395) 2.497 0.019 n.s. 0.456

20 [70, – 39.667, 24.333] rSTS (0.527) 2.596 0.015 < 0.05 0.474
Chameleon scrambled BM 8 [– 62, 4.333, 2.333] lSTS (0.395) 2.338 0.027 n.s. 0.427

20 [70, – 39.667, 24.333] rSTS (0.527) 2.402 0.023 n.s. 0.439
12–18 s Scrambled BM 20 [70, – 39.667, 24.333] rSTS (0.527) 3.215 0.003 < 0.05 0.587

Chameleon BM 8 [– 62, 4.333, 2.333] lSTS (0.395) 2.635 0.013 < 0.05 0.481
11 [– 69, – 11.667, −8.333] lSTS (0.981) 2.415 0.022 < 0.05 0.441

Chameleon scrambled BM 8 [– 62, 4.333, 2.333] lSTS (0.395) 2.381 0.024 n.s. 0.435
20 [70, – 39.667, 24.333] rSTS (0.527) 2.320 0.028 n.s. 0.424
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consisting of: (1) a fixation monitoring task (presented in 
50% of trials per block) requiring the left-hand spacebar 
responses (same as Study 3a), and (2) a direction discrimi-
nation task requiring the right-hand arrow key responses 
upon conscious detection of BM stimuli. Importantly, the 
responses to the fixation task did not terminate the stimuli 
presentation, while the directional responses served as our 
primary behavioral measure of subjective awareness. Fur-
thermore, to verify unconscious processing states, two coun-
ter-balanced two-alternative forced-choice (2AFC) aware-
ness tests were administered in Session 2 (see Section S7 of 
the supplementary information for details). This approach 
provides an objective measure of participants’ conscious 
awareness states during the experiment.

Analysis  Participants were classified into distinct groups 
using two complementary methods to dissociate uncon-
scious and conscious processing of BM stimuli: (1) Sub-
jective measures of conscious awareness: Participants were 
categorized based on behavioral responses collected during 
the fNIRS acquisition. The non-response group was defined 
as the participants contributing at least five blocks without 
any behavioral response (reflecting potential unconscious 
processing), whereas the breakthrough group included those 
who achieved correct PLW direction discrimination in at 
least three out of ten trials in one or more blocks. Subse-
quent analyses were conducted on non-response blocks 
(exclusively from the non-response group) and break-
through blocks (exclusively from the breakthrough group). 
(2) Objective measures of conscious awareness: Participant 
classification was performed based on the performance in 
the second awareness test (a BM direction discrimination 
task; see Section S7 of the supplementary information for 
details), applying the established criterion that detection 
without discrimination reflects unconscious processing 
(Stein & Peelen, 2021). Consistent with prior operational 
definitions (Goldstein et al., 2020), participants performing 
below the discrimination threshold (< 60% accuracy) on BM 
trials were classified as the unconscious group; while the 
remaining participants were assigned to the conscious group 
(refer to Figure S10b, in Section S7 of the supplementary 
information).

While subjective methods are considered not bias-free, 
objective methods (e.g., 2AFC) are criticized for: (1) risking 
overestimating conscious knowledge, since above-chance 
performance may be due to unconscious knowledge rather 
than conscious (Dong et al., 2022; Timmermans & Cleere-
mans, 2015), and (2) potential incomparability of attentional 
states between the 2AFC tasks and the b-CFS paradigms 
(Dong et al., 2022; Vermeiren & Cleeremans, 2012). To 
address these complementary limitations, the present study 
employed both subjective and objective measures to classify 

participants, enabling the examination of the neural corre-
lates of unconscious and conscious BM processing.

Hemodynamic analysis followed Study 3a’s analytical 
framework, applying its predefined time windows to exam-
ine condition-specific HbO/HbR dynamics across groups. 
Given the introduction of masking stimuli in Study 3b, we 
applied FDR correction with the correction threshold deter-
mined by the number of channels within each hemispheric 
region.

Results

We found consistently low behavioral breakthrough ratios 
across participants (0.10 ± 0.03) during the fNIRS record-
ings. This result further supported the effectiveness of the 
Chameleon-2 paradigm in masking BM stimuli.

After preprocessing, 1.42% of data blocks were excluded 
based on the same quality control criteria as in Study 3a. 
Based on the subjective measures of conscious awareness, 
22 participants met the criteria for the non-response group 
(contributing at least five valid non-response blocks), while 
nine participants qualified for the breakthrough group (dem-
onstrating correct responses in at least three out of ten trials 
per block in one or more blocks). One participant qualifying 
for both groups was excluded from the non-response cohort 
to preserve unconscious processing measures (final N = 21). 
However, based on objective measures of conscious aware-
ness, ten participants were classified into the unconscious 
group (showing below-threshold discrimination accuracy, < 
60%, for BM trials), while the remaining twenty participants 
were assigned to the conscious group.

As noted by Timmermans and Cleeremans (2015), above-
chance performance in objective awareness tests can stem 
from both conscious and unconscious processes. Notably, 
nearly half of the participants classified as “conscious” under 
the objective measure exhibited low breakthrough ratios (see 
Figure S10c, in Section S7 of the supplementary informa-
tion). These participants often failed to report subjective 
awareness despite meeting the objective criteria, suggest-
ing that the objective classification may lack the sensitivity 
needed to reliably differentiate conscious perception from 
unconscious processing in the Chameleon paradigm which 
required different attentional states from the 2AFC task (for 
a similar view, see Dong et al., 2022; Vermeiren & Cleere-
mans, 2012). Given these findings, we focused specifically 
on the grouping derived from the subjective measures, as 
this participant classification appeared to more accurately 
reflect the distinct states of genuine conscious perception. 
Results pertaining to the objectively defined unconscious 
and conscious groups are provided in Section S7 of the sup-
plementary information.

Hemodynamic analyses employed Study 3a’s time win-
dows (2–6 s and 12–18 s). Group-wise time-course plots 
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revealed significant HbO increases relative to baseline (p 
< 0.05, uncorrected) peaking within these windows across 
all participants (see Fig. 9 and Figure S11, in Section S7 
of the supplementary information), with no corresponding 
HbR changes (see Figure S13, in Section S7 of the supple-
mentary information). Consequently, subsequent analyses 
focused exclusively on the HbO data. We report only the 
activation results within the predefined ROIs. Compre-
hensive results and extended discussions of the non-ROIs 
activations are provided in Sections S7 and S8 of the sup-
plementary information.

The non-response group displayed no significant ROI 
activation during either the 2–6 s or 12–18 s time windows 
in either the mask-only or BM-present conditions (t(20) ≤ 
0.892, puncorr ≥ 0.383, d ≤ 0.195, see Fig. 10a). In contrast, 
the breakthrough group maintained selective activation of 
the rSTS that was exclusively observed in the BM-present 
condition during both the 2–6 s and 12–18 s time windows 
(see Fig. 10b and Table 7).

Interim discussion

Study 3b further explored the neural correlates of uncon-
scious BM processing with the Chameleon-2 paradigm. For 

the BM-present condition, robust activation of the rSTS 
was observed specifically in the breakthrough group, while 
no such activation was detected in the non-response group. 
Neither group exhibited significant ROI activation in the 
mask-only condition.

How to explain the selective STS activation under the BM-
present condition in the breakthrough group? We propose 
two possible explanations here and a third, more speculative 
explanation in Section S8 of the supplemental information. 
First, STS activation may require conscious awareness of BM 
stimuli. This is based on the fact that participants in the break-
through group consciously detected the BM stimuli and exhib-
ited the STS activation, whereas those in the non-response 
group neither detected the BM consciously nor showed such 
activation. Notably, the interpretation aligns with Kim and col-
leagues’ (2011) finding that even non-BM stimuli can evoke 
STS activity when these stimuli were mistakenly perceived as 
BM. Further evidence comes from Kim et al. (2013)’s fMRI 
work that examined unconscious BM processing. They found 
STS activation only when participants were consciously aware 
of the BM stimuli, but not in the absence of awareness. These 
results collectively suggest that STS activation depends on 
conscious perception of BM regardless of the presence of 
BM stimuli. Alternatively, STS neurons could respond to 

Fig. 9     Grand average of baseline-corrected HbO concentrations 
for the subjective grouping in Study 3b.  Note. The horizontal gray 
dashed lines indicate the baseline level, while the vertical black 
dashed line marks the stimulus onset. Time points exhibiting sta-
tistically significant increases in HbO concentrations (p  < 0.05, 
uncorrected) are marked with asterisks. The mask-only condition is 

denoted by the black line. (a) Results from the non-response group. 
The gray line indicates the data derived exclusively from the non-
responding blocks in the BM-present condition. (b) Results from the 
breakthrough group. The gray line indicates the data derived exclu-
sively from the breakthrough blocks in the BM-present condition.
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unconscious BM stimuli, yet the attenuated neural represen-
tation of these signals may fall below the detection threshold 
of fNIRS. This explanation is consistent with previous fMRI 
findings showing significantly reduced blood-oxygen-level-
dependent signals for unconscious processing of tool images 
relative to conscious perception (Hesselmann & Malach, 
2011).

General discussion

Across three studies, we systematically developed and vali-
dated the novel Chameleon-2 paradigm for robust and sus-
tained masking of BM stimuli. Study 1 revealed that the 

Chameleon-1 paradigm effectively masked slower, larger-
sized multi-point translational targets at various contrasts, 
but not for complex BM patterns. Building hereon, Study 2 
introduced Chameleon-2, which successfully masked BM 
stimuli by maintaining critical color and spatial consist-
encies between the targets and masks. Study 3 confirmed 
that the Chameleon BM stimuli elicited the rSTS activation 
resembling intact BM, demonstrating preserved BM infor-
mation. Together, these findings establish the Chameleon-2 
paradigm as a reliable method for investigating unconscious 
motion processing.

Although both Chameleon paradigms enable long-dura-
tion motion masking, they differ in applicability. Chame-
leon-1 is effective for slower translational motion but proves 

Fig. 10    Distribution of HbO activation at two time windows for the subjective grouping in Study 3b

Table 7   Results for the breakthrough group in Study 3b

Only significant increases in HbO concentrations in the BM-present condition for the breakthrough group were found and presented here. The 
anatomical regions were defined according to the AAL atlas. rSTS = right superior temporal sulcus; puncorr = uncorrected p-values; pFDR = false 
discovery rate-corrected p values.

Time window Channel MNI Regions
(probabilities)

t(8) puncorr pFDR d

2–6 s 20 [69, – 45.333, 21.333] rSTS (0.614) 4.651 0.002 < 0.05 1.550
24 [71, – 11.667, – 3.667] rSTS (0.676) 3.323 0.011 < 0.05 1.108

12–18 s 20 [69, – 45.333, 21.333] rSTS (0.614) 5.127 < 0.001 < 0.05 1.709
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ineffective for faster BM stimuli that incorporate complex 
kinematic and social information, as shown by the near-
ceiling breakthrough ratios (~ 100%) and short median RTs 
(~ 2 s). In contrast, Chameleon-2 significantly improves BM 
masking. Strikingly, both Studies 1 and 2 used 10-s expo-
sures to assess temporal robustness of masking—a duration 
far exceeding typical BM presentation times in literature 
(e.g., one step cycle, 500–2000 ms). Study 3b also confirmed 
that Chameleon-2 maintains high masking efficacy at 1.6 s 
(one-step cycle), with a notably low breakthrough ratio (M 
= 9.89%, SE = 3.24%). Although Chameleon-1’s masking 
efficacy decreases for faster motion, it may still be applicable 
under specific parameters (e.g., shorter durations; slow-mov-
ing or static targets). Nonetheless, its limitations underscore 
Chameleon-2’s advantage for masking high-speed stimuli.

Beyond differences in motion masking efficacy, the two 
paradigms also diverge in their reliance on color consistency. 
While critical for masking in the Chameleon-1 paradigm 
(Zhao & Bao, 2022), color consistency provided no signifi-
cant benefit in Chameleon-2. This discrepancy may be due to 
different experimental parameters. Chameleon-1 employed 
slowly moving stimuli (0.2°/s) with a 10-Hz color refresh 
rate, whereas Chameleon-2 involved faster BM stimuli (> 
0.2°/s) and a 60-Hz refresh rate. Under these dynamic con-
ditions, color processing is constrained by known temporal 
limits—color discrimination declines at higher velocities in 
the CFS paradigms (Hong & Blake, 2009) and is impaired 
by high-frequency flicker (Wu et al., 2019). Furthermore, 
color processing in area V4 (Liu et  al., 2020) requires 
integration time exceeding 16.67 ms (60-Hz refresh rate). 
Consequently, under the Chameleon-2’s faster regime, par-
ticipants lacked sufficient temporal resolution to utilize the 
color cues, negating the contribution of color consistency 
to masking efficacy.

One may question whether the spatial realignment of BM 
stimuli in Chameleon-2 reduces biologically relevant motion 
information. Although this method inevitably perturbs some 
BM features, this trade-off is necessary to achieve effective 
masking. Importantly, two key findings confirm that the gen-
erated stimuli retain functionally meaningful information: 
the robust inversion effect (Study 2) and the significant rSTS 
activation during conscious perception (Studies 3a and 3b). 
These results demonstrate that although some information 
loss occurs, the residual BM signal remains sufficient to sup-
port stable perceptual processing. Thus, the paradigm rep-
resents a carefully optimized balance between maintaining 
essential BM characteristics and ensuring reliable masking 
efficacy.

Given the limitation that the paradigm reduces certain 
aspects of BM information, future work could adaptively 
modulate the motion signal strength based on the required 
masking duration. For instance, the spatial density of mask 
elements can be increased to raise the signal-to-noise ratio 

for shorter trials. A second limitation is the use of separate 
participant groups in Studies 3a and 3b, which precludes a 
within-subject comparison between conscious and uncon-
scious processing of BM. Our reason is that we first verified 
that the novel Chameleon BM stimuli exhibited BM proper-
ties when consciously perceived before examining uncon-
scious processing. However, to avoid any potential carryover 
or learning effects between experimental sessions (Gayet 
et al., 2013; Mastropasqua et al., 2015; Paffen et al., 2018), 
we had to run Studies 3a and 3b in separate groups. Future 
studies may employ within-subject designs to enable direct 
comparisons between conscious and unconscious conditions.

The primary contribution of this study is the introduction 
of the Chameleon paradigms, which can stably mask motion 
stimuli over extended durations. The distinctive design offers 
broad applicability across research contexts. Unlike classical 
CFS with gradual contrast buildup, the Chameleon para-
digms present targets at full contrast from the onset, enabling 
precise control of duration and intensity while maintaining 
effective masking. This ensures robust input strength for the 
target, making it particularly suitable for unconscious per-
ception research. For example, it allows strong masking of 
the prime in unconscious priming paradigms, meanwhile 
sufficient stimulus strength ensures effective priming. It also 
guarantees a higher duty cycle for the adapter during top-up 
motion adaptation studies, potentially boosting adaptation 
effects. In neuroimaging studies (e.g., our Study 3b), the use 
of high-contrast stimuli throughout each trial ensures that a 
lack of brain activation in the unconscious condition cannot 
be readily attributed to suboptimal stimulus strength, thereby 
strengthening the interpretation of null results. Moreover, 
because masks are generated from purely random motion 
patterns without meaningful structure, they avoid carrying 
target-like features. This clear separation ensures that neural 
responses can be confidently attributed to target processing, 
extending the paradigm’s utility for investigating uncon-
scious processing of diverse types of complex motion, such 
as optic flow and self-motion, social actions and interactions, 
object motion and function, anomalous or physics-violating 
motion, etc.

Conclusion

This study introduces the Chameleon paradigms—a method-
ological advance enabling robust, sustained masking of com-
plex motion stimuli. The Chameleon-1 paradigm effectively 
masks slow, large-element translational motion, while the 
Chameleon-2 extension overcomes the challenge of mask-
ing BM, as empirically established in Studies 2 and 3. The 
fNIRS recordings confirmed that the Chameleon BM stimuli 
recruited core BM-processing regions exclusively during 
conscious perception, highlighting the paradigm’s capacity 
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to dissociate neural correlates of awareness. By bridging a 
critical gap in dynamic motion masking, this work provides 
a powerful tool for probing the temporal dynamics and neu-
ral foundations of unconscious motion processing.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​3758/​s13428-​025-​02924-8.
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