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Abstract
Although transcranial Alternating Current Stimulation (tACS) can enhance
working memory (WM) performance by modulating cognitive resources, its ef-
fects have been inconsistent across existing studies. The present study reveals
that the timing of tACS application relative to the task is a critical moderating
variable determining the modulatory effects on WM. Through two rigorously
designed experiments, we demonstrate that the modulatory effects of tACS
on WM are influenced by the temporal relationship between stimulation and
task: In Experiment 1, compared to sham stimulation, theta-band tACS (4
Hz, right parietal lobe) applied before practice significantly improved memory
quantity while maintaining precision unchanged; whereas when stimulation was
applied after practice, individuals had already formed a quantity-precision trade-
off strategy for the task, which persisted under the influence of psychological
inertia; that is, compared to sham stimulation, tACS selectively enhanced mem-
ory precision without altering quantity. Experiment 2 further revealed that the
influence of stimulation timing on trade-off strategies does not transfer to new
tasks; that is, strategies formed by subjects in the first task are disrupted in a
new task: when faced with a new context, individuals develop new strategies
based on task characteristics and their total available resources, demonstrat-
ing flexible reallocation of cognitive resources. Therefore, we conclude that the
modulatory effects of tACS on WM depend on the timing of stimulation applica-
tion: if applied before practice, it primarily affects memory quantity; if applied
after practice, it primarily affects memory precision; however, the established
modulatory effects do not transfer to new tasks.
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Abstract
Although transcranial alternating current stimulation (tACS) can enhance work-
ing memory (WM) performance by modulating cognitive resources, its effects
have been inconsistent across studies. The present research identifies the timing
of tACS application relative to task performance as a critical moderating fac-
tor. Through two rigorously designed experiments, we demonstrate that tACS
effects on WM are temporally dependent. In Experiment 1, theta-frequency
tACS (4 Hz) applied to the right parietal cortex before practice significantly
improved memory quantity while preserving precision, compared to sham stim-
ulation. When applied after practice, however, individuals had already formed a
quantity-precision trade-off strategy that persisted due to psychological inertia—
resulting in selective enhancement of memory precision without changes to quan-
tity. Experiment 2 further revealed that this timing-dependent trade-off effect
does not transfer to new tasks. When confronted with a novel task, participants
broke their established strategy and formed a new one based on task demands
and available resources, demonstrating flexible cognitive resource reallocation.
We conclude that tACS effects on WM depend critically on stimulation timing:
pre-task stimulation primarily affects memory quantity, whereas post-task stim-
ulation mainly influences memory precision, with established effects failing to
transfer to new tasks.

Keywords: tACS, working memory, accuracy-quantity trade-off, 4 Hz theta,
psychological inertia
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Introduction
Visual working memory (VWM) constitutes a core component of cognitive func-
tion, responsible for the temporary maintenance, manipulation, and storage of
visual information. Research indicates that individuals with high VWM ca-
pacity outperform those with low capacity in problem-solving [?, ?], language
comprehension [?, ?], and inhibiting irrelevant information [?, ?]. However,
substantial individual differences exist in VWM capacity, and low capacity may
constrain cognitive performance. Consequently, researchers have sought to iden-
tify effective non-invasive methods for enhancing VWM capacity to improve
cognitive function.

In recent years, theta-frequency tACS has been shown to significantly improve
WM performance by modulating neural oscillation synchrony in parietal regions
[?, ?], with important implications for populations experiencing WM decline,
such as older adults [?, ?]. The underlying mechanism involves theta-gamma
cross-frequency coupling [?, ?, ?], wherein one gamma cycle corresponds to
one memory item, with multiple gamma sub-cycles nested within a theta cy-
cle. As memory load increases, theta frequency decreases [?, ?]. tACS delivers
weak electrical currents at specific frequencies to synchronize brain oscillations,
thereby affecting cognitive performance [?, ?, ?, ?]. Thus, low-frequency tACS
(e.g., 4 Hz) can increase WM capacity by reducing individual theta frequency
and lengthening the theta cycle to accommodate more gamma cycles. Notably,
theta-gamma coupling primarily participates in the encoding phase of WM,
whereas information maintenance relies on alpha (8–12 Hz) and beta (13–30
Hz) oscillations. Alpha oscillations protect WM representations by inhibiting
irrelevant brain regions [?, ?], while beta activity updates and maintains mem-
ory contents [?, ?]. This functional dissociation suggests that theta-tACS ef-
fects may be phase-specific—enhancing information input efficiency during the
encoding phase through theta-gamma coupling modulation, while exerting lim-
ited influence on the maintenance phase. The present study therefore focuses
on theta-tACS effects on WM capacity, specifically examining its phase-specific
role during encoding.

Despite promising evidence, tACS effects on WM remain inconsistent across
studies. For instance, Zhang et al. (2022) found that theta-frequency tACS
effectively enhanced visuospatial WM performance, whereas Kleinert & Müller
(2017) observed no such benefit. These contradictions suggest that tACS ef-
ficacy may be influenced by multiple factors. A meta-analysis by Nissim et
al. (2023) identified task difficulty [?, ?] and phase [?, ?] as significant mod-
erators. Additional variables have also emerged: under high load, 4 Hz tACS
significantly improved WM capacity compared to sham and 7 Hz stimulation
[?, ?], indicating frequency-dependent effects. Target location represents an-
other critical factor—4.5 Hz tACS applied to the right frontoparietal region
selectively improved object WM, whereas bilateral prefrontal tACS showed no
significant effects [?, ?], highlighting the parietal cortex’s importance in WM
[?, ?].
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Crucially, stimulation timing may represent an important yet understudied fac-
tor. Studies applying stimulation before tasks consistently report significant
WM enhancement from in-phase stimulation [?, ?, ?]. For example, Jaušovec
et al. (2014) demonstrated that 15 minutes of pre-task parietal tACS signifi-
cantly improved WM performance. Conversely, post-task stimulation studies
show different patterns, with no significant effects on WM performance when
stimulation follows task initiation [?, ?].

We propose that these discrepancies may reflect psychological inertia—the ten-
dency for automatic behavior patterns to persist in repeated contexts [?, ?].
While psychological inertia maintains behavioral consistency and facilitates pre-
diction [?, ?], it can also cause individuals to overlook optimal choices when in
conflict with rational decision-making, increasing decision errors [?, ?, ?]. This
aligns with Baddeley’s multi-component model: the central executive system is
highly involved in resource allocation and strategy selection during early task
phases but becomes less engaged as tasks automatize [?, ?, ?]. Skilled tasks
can be processed automatically through slave systems (e.g., phonological loop,
visuospatial sketchpad), reducing central executive demands [?, ?, ?]. The neu-
ral basis of this automation may involve reduced frontoparietal activation. WM
training studies show that initial learning requires high frontoparietal activation
for conscious control, which decreases as tasks automatize and executive control
demands diminish [?, ?].

We hypothesize that pre-task theta-tACS may reset neural oscillation patterns,
lengthen theta cycles to accommodate more gamma activity, and help establish
optimal memory strategies during early task phases. After practice, however,
frontoparietal activation decreases, memory strategies become automated (e.g.,
consistently memorizing three items), and theta oscillations stabilize. Stimula-
tion at this stage may no longer adjust theta cycle length but instead enhance
theta-gamma phase-amplitude coupling (PAC) to optimize gamma neuron syn-
chrony and activation strength [?, ?], thereby improving memory precision.

No study has directly tested this timing variable, and most research relies on
traditional metrics (e.g., n-back tasks) that cannot reveal resource allocation
mechanisms. The recall-report paradigm proposed by Zhang & Luck (2008) de-
composes WM capacity into independent indices of quantity (number of items
remembered) and precision (accuracy of representations). This dynamic trade-
off between quantity and precision [?, ?, ?] better reflects resource allocation
strategies [?, ?]. For instance, Guo et al. (2021) employed this paradigm with
post-practice tACS stimulation, finding that 4 Hz tACS improved memory preci-
sion without changing quantity across high- and low-capacity individuals. This
aligns with our post-task stimulation hypothesis, though that study did not
examine pre-task stimulation. The present research therefore provides the first
systematic investigation of how stimulation timing modulates tACS effects on
WM through psychological inertia. We hypothesize that pre-task stimulation
reduces individual theta frequency, enabling encoding of more items from task
onset and forming an “optimal quantity” strategy, whereas post-task stimula-
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tion, applied after strategy automation, enhances gamma amplitude to improve
execution efficiency of the existing strategy, manifesting as precision gains.

Specifically, this study manipulates 4 Hz tACS timing relative to task phases
to examine whether practice-phase trade-off strategies create psychological in-
ertia and whether such inertia transfers across tasks. In Experiment 1, partici-
pants were randomly assigned to pre-stimulation (stimulation-practice-formal)
or post-stimulation (practice-stimulation-formal) groups. We predicted that pre-
stimulation would improve memory quantity while preserving precision (Hypoth-
esis 1a), whereas post-stimulation would enhance precision without changing
quantity (Hypothesis 1b), replicating Guo et al. (2021). Experiment 2 further
tested whether these timing effects generalize to new tasks. Participants com-
pleted two different tasks (color and orientation, order counterbalanced) with
tACS applied after the first task’s practice phase. We predicted that the first
task would replicate Experiment 1’s post-stimulation pattern (Hypothesis 2a),
while the second novel task would break cognitive inertia and show the pre-
stimulation pattern (Hypothesis 2b).

Experiment 1
Experiment 1 manipulated tACS timing to place participants in different initial
memory resource states during the practice phase, thereby examining whether
stimulation timing moderates tACS effects on WM. In the pre-stimulation
group, participants received tACS before practice, affording greater memory
resources from task onset. The post-stimulation group received stimulation
only after practice, meaning memory resources were enhanced only after the
practice phase concluded.

1.1.1 Experimental Design

The experiment employed a mixed design with 2 (stimulation timing: pre
vs. post) × 2 (stimulation type: active vs. sham) × 2 (visual field: left, right).
Stimulation timing was a between-subjects factor, while stimulation type and
visual field were within-subjects factors.

1.1.2 Participants

A priori power analysis using G*Power with a medium effect size of 𝑓 = 0.25
[?, ?], 𝛼 = 0.05, and power = 0.95 indicated a minimum sample size of 36.
Thirty-six undergraduate and graduate students from Sichuan Normal Univer-
sity (age range: 18–25 years, 𝑀 = 18.97±1.40; 12 males) participated voluntar-
ily. Participants were randomly assigned to pre-stimulation (𝑛 = 18) or post-
stimulation (𝑛 = 18) groups. All had normal or corrected-to-normal vision, no
color vision deficits, and no neurological or psychiatric disorders. Participants
provided informed consent and received monetary compensation. The study
was approved by the Sichuan Normal University Ethics Committee (Approval
No.: 2024LS06).
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1.1.3 Apparatus and Materials

The experimental program was developed in MATLAB. Stimuli were presented
on a 23.8-inch monitor (1920$×1080𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 60𝐻𝑧𝑟𝑒𝑓𝑟𝑒𝑠ℎ𝑟𝑎𝑡𝑒)𝑤𝑖𝑡ℎ𝑎𝑔𝑟𝑎𝑦𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑(𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒 ∶
150𝑐𝑑/𝑚2).𝐷𝑢𝑟𝑖𝑛𝑔𝑒𝑛𝑐𝑜𝑑𝑖𝑛𝑔, 𝑓𝑜𝑢𝑟𝑐𝑜𝑙𝑜𝑟𝑒𝑑𝑠𝑞𝑢𝑎𝑟𝑒𝑠(0.8°×$0.8° visual angle) ap-
peared on each side of fixation. Colors were randomly selected from a
uniform 360° color wheel with minimum hue separation of 30° and minimum
center-to-center distance of 2° between items. The recall display featured a
color wheel (outer diameter: 8.2°, inner diameter: 6°) with a response radius of
4.5°. Participants viewed the screen from approximately 60 cm in a dimly lit,
comfortable room.

1.1.4 Procedure

We adopted the procedure from Guo et al. (2021). As shown in [Figure 1: see
original paper], each trial began with a 1000 ms fixation point, followed by a
200 ms arrow cue indicating which side (left or right) to remember. A 300 ms
memory array then presented four colored squares on each side. After a 900 ms
retention interval, a color wheel appeared for 3000 ms. Placeholders marked the
four target locations on the cued side, with the to-be-reported item indicated by
a bolded placeholder. Participants used a mouse to select the target color on the
wheel, which rotated randomly each trial. The experimental flow is illustrated
in [Figure 2: see original paper]. The formal experiment comprised 300 trials.

1.1.5 Transcranial Alternating Current Stimulation

tACS was delivered using a Starstim8 device (Neuroelectrics, Spain). Prior to
electrode placement, scalp sites were cleaned with alcohol to reduce impedance.
Two 5$×$5 cm saline-soaked sponge electrodes were positioned with the stimu-
lation electrode over right parietal cortex (P4) and the reference electrode over
the right supraorbital region. Individual current thresholds were determined for
each participant. The maximum intensity was set at 1500 𝜇A (peak-to-peak).
In Phase 1, 1500 𝜇A stimulation was administered; if phosphenes or discomfort
occurred, intensity was adjusted downward from 1000 𝜇A in 50 𝜇A steps until
no adverse sensations were reported. In Phase 2, stimulation used the individu-
ally determined threshold. Active stimulation employed 4 Hz sinusoidal current
at the participant’s threshold intensity, while sham stimulation consisted of
brief ramp-up and ramp-down periods to mimic initial sensations. Mean stim-
ulation intensity across participants was 1261.18 ± 196.38 𝜇A. Impedance was
maintained below 10 kΩ throughout.

The pre-stimulation group received 10 minutes of tACS before practice (with
feedback), followed by the formal experiment with continued stimulation for
the remaining 10 minutes. The post-stimulation group completed practice first,
then received 20 minutes of continuous tACS during the formal experiment. If
stimulation ended before task completion, participants continued until finished.
Each participant underwent both active and sham sessions, separated by one
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week and scheduled at similar times of day. The study used a single-blind design;
participants were unaware of stimulation type.

1.2 Data Analysis

For each trial, deviation was calculated as the absolute difference between re-
ported and target values. Three models from the MemToolbox [?, ?] were
compared: StandardMixtureModel, SwapModel, and VariablePrecisionModel.
Bayesian Information Criterion (BIC) comparisons showed that VariablePreci-
sionModel outperformed SwapModel (mean ΔBIC = 1.41 for active, 1.59 for
sham; 25 participants supported VariablePrecisionModel). However, Standard-
MixtureModel was superior to VariablePrecisionModel (mean ΔBIC = -2.07
for active, -1.59 for sham; 25 participants supported StandardMixtureModel).
We therefore used StandardMixtureModel to estimate parameters 𝑚, 𝑠𝑑, and 𝑔
[?, ?]. This model comprises: (1) a mnemonic component producing von Mises-
distributed errors with mean 𝑚 and standard deviation 𝑠𝑑 (where 𝑠𝑑 inversely
indexes precision), and (2) a guessing component 𝑔 representing the probabil-
ity of random responding (lower 𝑔 indicates greater memory quantity). These
parameters are standard in recall-report studies [?, ?, ?, ?, ?].

1.3 Results

Pearson correlations between individual stimulation intensity and 𝑔/𝑠𝑑 values
revealed no significant relationships in either group (all 𝑝s > 0.138), confirming
that individual differences in stimulation intensity did not affect results.

1.3.1 Pre-Stimulation Group A 2 (stimulation: 4 Hz vs. sham) × 2 (visual
field: left vs. right) repeated-measures ANOVA on guess rate (𝑔) revealed a
significant main effect of stimulation, 𝐹(1, 17) = 5.59, 𝑝 = 0.030, 𝜂2

𝑝 = 0.25.
Guess rates were lower in the 4 Hz condition (0.39 ± 0.020) than sham (0.42 ±
0.02), 𝑡(17) = −2.37, 𝑝 = 0.030, Cohen’s 𝑑 = 0.56, indicating improved memory
quantity. No significant effects emerged for visual field (𝐹(1, 17) = 1.00, 𝑝 =
0.331) or the interaction (𝐹(1, 17) = 0.75, 𝑝 = 0.400).
A parallel ANOVA on precision (𝑠𝑑) showed no significant main effect of stim-
ulation, 𝐹(1, 17) = 3.66, 𝑝 = 0.073, 𝜂2

𝑝 = 0.18, nor significant effects of visual
field (𝐹(1, 17) = 0.08, 𝑝 = 0.248) or the interaction (𝐹 = 1.56, 𝑝 = 0.229).
Thus, pre-task stimulation enhanced memory quantity without affecting preci-
sion, supporting Hypothesis 1a.

1.3.2 Post-Stimulation Group The 2 × 2 ANOVA on guess rate (𝑔) re-
vealed no significant main effect of stimulation, 𝐹(1, 17) = 0.62, 𝑝 = 0.440,
𝜂2

𝑝 = 0.04, and no effects of visual field (𝐹(1, 17) = 0.34, 𝑝 = 0.564) or the
interaction (𝐹(1, 17) = 0.02, 𝑝 = 0.881).
However, the ANOVA on precision (𝑠𝑑) showed a significant main effect of stim-
ulation, 𝐹(1, 17) = 7.13, 𝑝 = 0.016, 𝜂2

𝑝 = 0.30. Precision was higher (𝑠𝑑 lower)

chinarxiv.org/items/chinaxiv-202512.00070 Machine Translation

https://chinarxiv.org/items/chinaxiv-202512.00070


in the 4 Hz condition (17.48 ± 0.47) than sham (19.27 ± 0.69), 𝑡(17) = −2.67,
𝑝 = 0.016, Cohen’s 𝑑 = 0.63. No significant effects emerged for visual field
(𝐹(1, 17) = 0.05, 𝑝 = 0.835) or the interaction (𝐹(1, 17) = 0.57, 𝑝 = 0.461).
Thus, post-task stimulation improved memory precision without affecting quan-
tity, supporting Hypothesis 1b.

1.4 Discussion

Experiment 1 used a recall-report paradigm to examine how stimulation tim-
ing affects WM performance. Pre-stimulation improved memory quantity while
preserving precision (supporting Hypothesis 1a), suggesting that tACS reduced
individual theta frequency to accommodate more items. Post-stimulation en-
hanced precision without changing quantity (supporting Hypothesis 1b), indi-
cating that stimulation at this phase did not alter theta frequency but instead
boosted gamma amplitude to strengthen memory representations. These results
confirm that stimulation timing critically moderates tACS effects on WM.

While Experiment 1 established timing-dependent effects, whether these effects
persist across different tasks remained unclear. Experiment 2 addressed this
by having each participant complete two distinct tasks. Additionally, given the
absence of visual field effects in Experiment 1, this variable was eliminated in
Experiment 2.

Experiment 2
Building on Experiment 1, Experiment 2 tested whether stimulation-task se-
quence effects generalize across tasks. Participants completed practice and for-
mal phases for two tasks, with tACS applied after the first task’s practice phase.
This made the first task equivalent to Experiment 1’s post-stimulation condition
and the second task equivalent to the pre-stimulation condition. We predicted
that the first task would replicate Experiment 1’s post-stimulation results (Hy-
pothesis 2a) and the second task would replicate the pre-stimulation pattern
(Hypothesis 2b).

2.1.1 Experimental Design

Given the null effect of visual field in Experiment 1, this variable was removed.
The design was 2 (task order: color-orientation vs. orientation-color) × 2 (stim-
ulation type: active vs. sham), with task order as a between-subjects factor and
stimulation type as a within-subjects factor.

2.1.2 Participants

Power analysis using G*Power with medium effect size 𝑑 = 0.5 [?, ?], 𝛼 = 0.05,
and power = 0.80 indicated a minimum of 28 participants per group. Fifty-six
university students (12 males; age range: 17–28 years, 𝑀 = 20.96, 𝑆𝐷 = 2.89)
participated. None had prior experience with recall-report paradigms, color
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blindness, or psychiatric/neurological disorders. Participants were randomly
assigned to two order groups (𝑛 = 28 each) with six males per group. All
provided informed consent and received compensation. The study was approved
by the Sichuan Normal University Ethics Committee (Approval No.: 2024LS06).

2.1.3 Apparatus and Materials

The experiment was programmed using PsychoToolbox in MATLAB. Stimuli
were presented on a 23.8-inch monitor (1920$×$1080 resolution, 60 Hz refresh
rate) with a gray background (luminance: 150 cd/m²). Participants were tested
in a comfortable, climate-controlled room at approximately 60 cm viewing dis-
tance. The experiment comprised two sessions separated by at least one week,
scheduled at similar times of day. Each session included practice (40 trials
with feedback) and formal phases (200 trials without feedback, divided into five
blocks of 40 trials) for both color and orientation tasks.

2.1.4 Procedure

Participants completed color and orientation recall tasks in counterbalanced or-
der. The color task [Figure 4: see original paper] began with a 1000 ms fixation,
followed by a 300 ms memory array presenting two colored squares (0.8°$×$0.8°)
on each side of fixation (minimum center-to-center distance: 2.5°). Colors were
randomly selected from a 360° color wheel with minimum hue separation of 30°.
After a 900 ms retention interval, a recall wheel (outer diameter: 16°, inner di-
ameter: 12°, response radius: 4.5°) appeared at the target location. The wheel
rotated randomly each trial, and participants selected the target color using a
mouse without time pressure.

The orientation task [Figure 4: see original paper] followed a similar
structure. The memory array presented two black rectangular lines
(2.2°$×0.5°, 𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒 ∶ 1𝑐𝑑/𝑚2)𝑜𝑛𝑒𝑎𝑐ℎ𝑠𝑖𝑑𝑒𝑎𝑡2.5°𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐𝑖𝑡𝑦.𝑂𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑤𝑒𝑟𝑒𝑟𝑎𝑛𝑑𝑜𝑚𝑙𝑦𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑𝑓𝑟𝑜𝑚10°–170°𝑤𝑖𝑡ℎ𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛𝑜𝑓10°.𝐷𝑢𝑟𝑖𝑛𝑔𝑟𝑒𝑐𝑎𝑙𝑙, 𝑎𝑑𝑜𝑢𝑏𝑙𝑒−
𝑟𝑖𝑛𝑔𝑐𝑖𝑟𝑐𝑙𝑒(𝑜𝑢𝑡𝑒𝑟𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∶ 3.5°, 𝑖𝑛𝑛𝑒𝑟𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∶ 2.2°)𝑎𝑝𝑝𝑒𝑎𝑟𝑒𝑑𝑎𝑡𝑡ℎ𝑒𝑡𝑎𝑟𝑔𝑒𝑡𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛, 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔𝑡𝑤𝑜𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙ℎ𝑜𝑙𝑙𝑜𝑤𝑐𝑖𝑟𝑐𝑙𝑒𝑠(1.3°×$1.3°)
that rotated with mouse movement. Participants adjusted the orientation to
match the remembered line and clicked the right mouse button to register their
response.

2.1.5 Transcranial Alternating Current Stimulation

Electrode placement followed Experiment 1. Active stimulation used 4 Hz si-
nusoidal current starting at 1500 𝜇A peak amplitude. If phosphenes or dis-
comfort occurred, intensity was reduced in 50 𝜇A increments until sensations
disappeared. Sham stimulation involved 30 s ramp-up and ramp-down peri-
ods at the same locations to mimic sensations. Mean stimulation intensity was
1341.07 ± 200.49 𝜇A. After task instructions and practice with performance
feedback, stimulation commenced and lasted 37 minutes total.
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2.2 Data Analysis

Model comparison using BIC showed that SwapModel outperformed Variable-
PrecisionModel (mean ΔBIC = -0.71 for active, -1.38 for sham; 31 participants
supported SwapModel). StandardMixtureModel was superior to SwapModel
(mean ΔBIC = -2.08 for active, -0.68 for sham; 42 participants supported Stan-
dardMixtureModel), which was therefore used for fitting. Systematic error dis-
tributions fell within acceptable ranges and were not modeled further. Paired
t-tests compared 𝑔 and 𝑠𝑑 values between stimulation conditions.

2.3 Results

Correlations between stimulation intensity and 𝑔/𝑠𝑑 values were non-significant
across conditions (all 𝑝s > 0.053), ruling out intensity confounds.

For the first task, precision (𝑠𝑑) was significantly better (lower) in the 4 Hz
condition (20.66 ± 4.91) than sham (22.03 ± 4.87), 𝑡(55) = −2.50, 𝑝 = 0.015,
Cohen’s 𝑑 = −0.33. However, guess rate (𝑔) did not differ between conditions,
𝑡(55) = −0.39, 𝑝 = 0.697, Cohen’s 𝑑 = −0.05. Thus, post-practice stimulation
improved precision without affecting quantity, replicating Experiment 1’s post-
stimulation group (supporting Hypothesis 2a).

For the second task, precision (𝑠𝑑) showed no difference between conditions,
𝑡(55) = 1.62, 𝑝 = 0.111, Cohen’s 𝑑 = 0.22. Critically, guess rate (𝑔) was sig-
nificantly lower in the 4 Hz condition (0.15 ± 0.11) than sham (0.19 ± 0.13),
𝑡(55) = −3.16, 𝑝 = 0.003, Cohen’s 𝑑 = −0.42, indicating improved memory
quantity. This pattern matched Experiment 1’s pre-stimulation group (sup-
porting Hypothesis 2b).

General Discussion
This study investigated how tACS timing affects WM modulation and whether
these effects persist across new tasks. When tACS preceded new task practice,
it reduced theta frequency and increased gamma cycle number, enabling par-
ticipants to enhance memory quantity while maintaining precision (Experiment
1 pre-stimulation group; Experiment 2 second task). Conversely, post-practice
stimulation yielded different results: after brief practice, individuals formed
stable memory strategies. Even with low-frequency tACS, memory quantity
remained unchanged while precision improved (Experiment 1 post-stimulation
group; Experiment 2 first task).

Similar timing-dependent effects have been observed in long-term memory re-
search, where pre-task tACS enhanced word-pair memory but stimulation dur-
ing task performance showed no benefit [?, ?]. From a neurophysiological per-
spective, pre-task 4 Hz tACS reduces individual theta frequency, lengthening cy-
cles to accommodate more gamma cycles and increase item capacity. Post-task
stimulation, applied when theta frequency has stabilized, does not increase cycle
length but enhances gamma amplitude through strengthened theta-gamma PAC
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[?, ?], improving recall precision. This aligns with findings that tACS effects
depend on brain state—alpha-tACS more effectively modulates visual cortex ac-
tivity when spontaneous alpha is weak (eyes open) than when it is strong (eyes
closed) [?, ?]. When task contexts change, the gamma oscillations representing
items in the first task (e.g., colors) become inadequate for the new task (e.g.,
orientations), requiring the nervous system to dynamically adjust theta cycle
length to match new encoding demands. Thus, novel tasks prompt individuals
to re-evaluate their resources and form new trade-off strategies.

From a psychological inertia perspective, repeated practice strengthens associ-
ations between contextual representations and behavioral responses, activating
automated strategies when contexts recur [?, ?]. After multiple practice tri-
als, the formal experiment’s identical context automatically triggers the prac-
ticed resource allocation strategy, making quantity difficult to change regard-
less of stimulation. However, when completing the second task, participants
did not transfer the first task’s strategy because behavioral repetition requires
stable contexts [?, ?]. The changed task context in Experiment 2’s second task
prompted resource reallocation based on new demands, leading to new strategy
formation. These results demonstrate cognitive flexibility—individuals can ad-
just memory strategies according to task context rather than rigidly maintaining
previous patterns.

Effect sizes for our dependent variables ranged from 0.334 to 0.629, indicating
medium effects [?, ?] and robust experimental manipulation. This range par-
allels meta-analytic findings of WM impairments in schizophrenia (𝑑 = 0.452)
[?, ?]. The guess rate (𝑔) reflects random responding probability, with increases
potentially indicating lost representations or excessive memory load. Precision
(𝑠𝑑) indexes representational fidelity, with increases reflecting elevated neural
noise or impaired binding [?, ?]. These parameters have clinical relevance:
Parkinson’s patients show reduced WM precision that normalizes after three
months of dopaminergic medication [?, ?], and aging affects both parameters—
older adults exhibit higher guess rates and lower precision than young adults
[?, ?], attributable to reduced neural specificity and inhibitory control. Future
research should explore these metrics as diagnostic or intervention-evaluation
tools.

tACS holds broad therapeutic promise for improving attention, memory, per-
ception, and emotional regulation in psychiatric and neurological conditions
[?, ?]. Studies demonstrate potential applications in neurodegenerative diseases
(Alzheimer’s, Parkinson’s), psychiatric disorders (schizophrenia, depression, in-
somnia), and chronic pain \cite{Antal & Paulus, 2013; Elyamany et al., 2021;
zhang & li, 2022}. Schizophrenia patients receiving theta-tACS during n-back
tasks showed WM, processing speed, and attention improvements lasting 50
days [?, ?]. Our findings have important implications: stimulation-task timing
critically determines tACS efficacy, and inappropriate timing may obscure ther-
apeutic effects. Clinical applications must carefully consider when stimulation
is administered relative to cognitive training or rehabilitation activities.
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Several limitations warrant mention. First, methodological differences between
experiments—such as intensity titration procedures and the presence of pre-
cues in Experiment 1—may introduce subtle variations. Future studies should
use individual head modeling (e.g., SimNIBS, ROAST) to control stimulation
parameters precisely. Second, feedback during practice allowed participants to
monitor strategy effectiveness, but its absence during formal phases may have
reinforced practice-phase strategies. This feedback variable should be controlled
in future research. Finally, participants in post-stimulation conditions may have
been unaware that tACS could augment resources. Explicitly informing partic-
ipants about resource enhancement might prompt strategy revision, a question
requiring further investigation.

In conclusion, pre-task tACS enhances WM quantity, post-task tACS improves
precision, and these effects are flexible rather than fixed, with individuals recon-
structing strategies when encountering new tasks to maximize resource utiliza-
tion.
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