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1. Introduction

Multiphase flows, particularly gas-liquid systems, plays
an important role in numerous applications ranging from
chemical processing and energy conversion to biomedical
microfluidics [1–3]. Controlled guidance and release of bubbles
are critical for such applications [4,5]. Taking an electrolyzer
as a typical example, ineffective bubble management can
lead to blockage of active electrode sites, increase ohmic
resistance of the whole cell, and disrupt its flow field
stability [4,5]. These factors together may result in a reduction
in electrolyzer efficiency [1,6]. However, managing such
flows remains constantly challenging due to the non-linear
interactions between geometric structures and bubbles [7].
Even minor variations in structural features can lead to
significant differences in bubble behavior, making the design
of functional fluidic components complicated [7].

Traditional design methodologies rely heavily on numerical
simulations to predict flow dynamics and optimize geometric
structures [8,9]. Although computational models offer valuable
insights, they often do not fully capture the complexity of
multiphase interactions, particularly under variable real-world

operating conditions [8,9]. Furthermore, simulation-based
approaches are computationally costly and lack flexibility,
preventing rapid iteration [8,10]. This limitation is particularly
relevant when developing bubble-guided structures, which
require precision, efficiency, and adaptability [4].

Recent advances in additive manufacturing (AM) provide
opportunities to overcome these challenges [11,12].
This technology enables rapid prototyping of complex
geometries, allowing direct experimental testing under real
flow conditions [11,12]. Iterative feedback from these
experiments can be integrated into subsequent design
optimization, transforming development cycles into more
agile and adaptive processes [12,13]. Despite its considerable
potential, systematic approaches to iterative, experiment-driven
design of multiphase flow components using AM remain in
their exploratory phase [12].

This study proposes an AM-enabled experimental
framework for multiphase flow management, integrating
position-resolved testing with a semi-quantitative scoring
framework directly related to bubble effects associated with
electrolyzer performance. By demonstrating this framework
using two representative flow-guiding structure variants, this
study establishes a transferable foundation for evidence-based
design of bubble guiding elements.
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Abstract

Managing multiphase flow behavior, especially gas-liquid interactions such as bubble guiding and transport, presents significant challenges due to
nonlinear interactions among geometry, interfacial forces and flow conditions. Traditional simulation-driven design methods have limitations
in capturing the complex behavior of multiphase flows, particularly when tightly coupled with electrochemical kinetics and charge-mass
transfer, such as in an electrolyzer. To address these challenges, this study proposes an additive manufacturing (AM)-driven experimental
framework that combines rapid prototyping, a position-resolved test strategy, and a semi-quantitative scoring framework. This framework converts
qualitative bubble observations into standardized, evidence-based performance metrics that correlate directly with the electrolyzer’s performance.
Proof-of-concept experiments conducted through representative guiding structures demonstrate that this framework reliably distinguishes between
more and less effective design variants, thereby enabling iterative optimization based on experimental data. Beyond the specific case of bubble
management in electrolyzer, the proposed framework establishes a transferable solution for simplifying and accelerating the structure development
in complex multiphase systems.
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Fig. 1: Iteration Design Workflow

2. Methodology

2.1. Iterative design workflow

In conventional product and structure development,
workflows often follow a V-model, where computational
simulations are performed before prototyping and
validation [14]. Although this method has proven its
effectiveness in numerous engineering areas, its applicability is
limited to bubble-guided geometries in multiphase flows [14].
This is due to the limited predictive accuracy of the simulations
and the substantial computational resources required for
modeling itself [4,8,10].

This limit is particularly pronounced in complex systems
like electrolyzer, where bubble behavior is closely related to
electrochemical reaction kinetics, electro and mass transfer, as
well as electrode surface wettability [5,15,16]. Consequently,
prediction methods relying solely on simulation fail to capture
the multidimensional coupled effects observed in real-world
scenarios [4,8,10].

This study adopts an alternative workflow that focuses on
rapid prototyping and experiment-driven iteration, as illustrated
in Figure 1. Instead of relying on large-scale and expensive
simulations, the cycle of design - rapid prototyping – design
evaluation – design optimization provides direct experimental
feedback, thereby enabling efficient identification of effective
and ineffective designs at an early stage and offering guidance
for further iterative optimization. Importantly, the developed
test set-up closely matches key boundary conditions in actual
electrochemical environments, such as liquid flow velocity and
bubble generation behavior, ensuring the experimental results
are directly relevant to real operating environments.

2.2. Position dependent evaluation strategy

To capture the spatial heterogeneity of the multiphase flow
behavior, a 3d-printed test cell was developed. It consists of a
cavity with a volume of 1.00 cm3. The liquid inlet is located
on the lower left of the cavity, while the liquid/gas outlet is
located at the upper right of the cavity, as shown in Figure 2.
This test unit replicates the critical boundary conditions
of an electrolyzer, with flow conditions, input as well as
output configurations that match those of actual commercially
available flow cells [17]. Besides, the back surface of the cavity
is 1.00 cm2 area that is uniformly subdivided into 16 regions.
Each region has pore with a diameter of 1.00 mm and serves
as a bubble injection site (Figure 2). This discretization models
nucleation sites distributed along vertically arranged electrodes,
thereby enabling position-resolved analysis of bubble behavior.

By varying the injection position under constant flow
conditions, this method reveals how local geometry influences
overall performance. The setup enables the decoupling of
electrochemical effects whilst replicating key characteristics of
the electrolytic cell, thereby allowing the interaction between
bubbles and structure to be independent and underlines the
necessity for local adaptive optimization.

2.3. Semi-Quantitative Scoring Framework

To systematically evaluate bubble guiding performance, a
semi-quantitative scoring framework was implemented. Four
indicators were selected to reflect the functional requirements in
an electrolyzer and provide a reproducible basis for comparing
different design iterations. More specifically:

Trajectory consistency. This metric quantifies the stability
of bubble trajectories relative to the primary guiding direction,
as the effective guiding structure in an electrolyzer should direct
bubbles along the shortest path from their nucleation point
to the flow outlet (Figure 3) [5]. For each trajectory i, the
displacement vector ∆ri was compared with the desired guiding
direction d using cosine similarity:

cos θi =
∆ri · d
∥∆ri∥ ∥d∥

.

The mean similarity across N valid trajectories was calculated
as:

µ = 1
N

N∑
i=1

cos θi,

and rescaled to the unit interval by xtraj = (µ + 1)/2.
Bubble area fraction. This metric assesses the proportion

of electrode surface coverage, reflecting active site blockage
on the electrode [16]. In each frame t, the ratio between
bubble-covered area and the whole observation window was
determined as rt = At/Awhole. Averaging over all T frames
yields:

xarea =
1
T

T∑
t=1

rt.

Bubble count. The average number of bubbles detected per
frame was employed as a time-normalized substitute metric to
evaluate the efficiency of small bubble removal.

xcount =
1
T

T∑
t=1

nt.

Here, normalization by observation time ensures comparability
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Fig. 2: Position-resolved evaluation strategy: a) Set-up for bubble behavior evaluation; b) Perspective view of 3d-printed test cell; c) Illustration of bubble injection
grid

between videos of varying durations.
Macro-bubble penalty. Oversized bubbles were identified

using an absolute area threshold Ath = αNpx, with Npx
denoting the total pixel count. For each frame t, all connected
components with Ak,t ≥ Ath were penalized by their relative
size,

pt =
∑

k

Ak,t

Ath
,

and averaged across time:

xmacro =
1
T

T∑
t=1

pt.

This metric incorporates both the frequency and persistence of
large bubbles, providing a robust indicator of adverse bubble
dynamics.

In addition, an event-weighted bubble count was
implemented as an optional diagnostic metric. This variant
considers bubble counts within pre- and post-event windows
around macro-bubble occurrences, thereby capturing the
transient response of the system. When not enabled, its weight
was set to zero and the total score was not affected. When
enabled, the bubble account mentioned above will be replaced
by this event-weighted bubble count. This allows the overall
score to reflect not only the average removal efficiency, but also
captures the system’s transient response during micro-bubble
events.

Finally, all four indicators were converted into normalized
scores to ensure comparability across different metrics. Each
raw value x was scaled to the interval [0, 1] as

norm(x; a, b) = clip
(

x−a
b−a , 0, 1

)
,

and mapped to a 0–5 score,

score(x) = 5 × norm(x; a, b).

For metrics where lower values are preferable (bubble area

fraction, bubble count, and macro-bubble penalty), inversion
was applied prior to mapping:

score(x) = 5 × (1 − norm(x; a, b)
)
.

The boundary values a and b correspond to the minimum
and maximum values observed in all experimental datasets,
respectively, ensuring uniformity of quantification across
geometries. Equal weighting is used because these four metrics
represent independent and equally important aspects of bubble
guidance performance. The overall guidance score was then
computed as the arithmetic mean of the four sub-scores:

S = 1
4
(
straj + sarea + scount + smacro

)
.

Equal weighting is used because these four metrics represent
independent and equally important aspects of bubble guidance
performance.

2.4. Fabrication and Imaging

The test geometry was fabricated using a digital light
processing (DLP) printer (Asiga MAX) with commercial resin
(Moiin). The printed structure was embedded into the back
surface of the 3d-printed test unit described in Section 2.2
and operated under controlled fluid conditions with a bubble
injection frequency of 5.00 s−1.

Bubble dynamics was recorded via digital video.
Subsequent segmentation, object detection, and trajectory
analysis were performed on the image sequences using a
custom Python program.

3. Proof-of-concept study

To demonstrate the feasibility of the proposed framework, a
proof-of-concept study was conducted. A baseline experiment
(BL) investigated bubble behavior in the 3d-printed test cell
without guiding structures. Additionally, two guiding structures
were incorporated within the test unit: Guiding Structure A
(GS-A) and Guiding Structure B (GS-B), as illustrated in

Inlet

Outlet Outlet Outlet Outlet Outlet OutletOutlet

Fig. 3: Trajectory consistency: red line indicates the shortest distance between the bubble injection site and the desired outlet
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Figure 4. GS-A and GS-B were selected as two representative
variants of the design exploration phase, with GS-B integrating
adjustments based on qualitative observations of the earlier
prototype. The impact of structural modifications was evaluated
by comparing the behavior of bubbles under these two
structures with observations from baseline experiments.

Fig. 4: a) GS-A: Perspective view, front view and side view; b) GS-B:
Perspective view, front view and side view

The baseline experiment provided a reference case,
capturing the dynamic behavior of bubbles in the absence of
guiding elements. This experiment demonstrate that bubbles
exhibit distinctly different behaviors when injected at different
positions.

At position (1 1) that close to the flow inlet, bubbles
detached vertically from the injection point and rose upward,
gradually coalescing into large bubble. Once the big bubble
reached a critical size, it migrated towards the liquid/gas outlet
and was ultimately expelled from the test cell. At position
(2 3) near the center of the test cell, bubbles typically followed
a sequence of vertical ascent, coalescence, and eventual
expulsion. However, some bubbles exhibited a backflow
phenomenon, continuously coalescing before reaching the
outlet and becoming trapped within the test unit. (Figure 5).

Fig. 5: Baseline experiment (BL), bubble behavior without guide structure at
position position (1 1) and (2 3) separately

In contrast, when the test cell is embedded with GS-A
guide structure, the bubble behavior changes significantly.
Upon detachment, the bubbles were immediately laterally
guided along the guiding surface, thus preventing accumulation
directly above the injection site. The bubbles did not coalesce a
lot, but instead traveled towards the outlet Immediately 6. At
both investigation sites, bubbles were continuously removed
before reaching an excessive size and no reflux phenomena
were observed. This finding contrasts markedly with baseline
experiments, confirming GS-A’s effectiveness in promoting
bubble removal.

Fig. 6: Bubble guiding at position (1,1) with design geometry GS-A

In addition to GS-A, a second guide structure (GS-B) was
also evaluated. This design was inspired by the streamlined
characteristics of a gyroid-based blade. Due to their minimal
surface properties, these geometries are frequently considered
to be the preferred candidate for flow guiding element, as
they provide smooth curvature and may reduce fluid flow
resistance [18,19]. However, in experimental evaluations,
GS-B showed only limited improvement compared to the
baseline experiment without guiding elements. The observed
improvement primarily manifests as a slight reduction in the
retention time of macro-bubble, with a detailed quantitative
analysis of this effect presented in the following section.
Nevertheless, the overall injected bubble trajectories remained
mostly unchanged, with macro-bubble continuing to form.

Fig. 7: Bubble guiding at position (1,1) with design geometry GS-B

In summary, the proof-of-concept experiments confirmed
that the proposed framework is sensitive to structural
variations. Simple guiding structure (GS-A) yielded
measurable improvements, whereas more complex design
(GS-B) provided only limited benefits. These findings
demonstrate the framework’s ability to distinguish between
effective and ineffective iterations, thereby ensuring that design
optimization is guided by experimental evidence rather than
conceptual assumptions.
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4. Application of the Semi-Quantitative Scoring
Framework

Based on qualitative assessment, the semi-quantitative
scoring framework proposed in Section 2.3 was applied. The
selected metrics are intended to reflect the potential impact
of bubbles on electrochemical performance, such as bubble
detachment, transport, and the suppression of large bubbles.
By converting observed dynamics into standardized numerical
scores, this framework enables repeatable comparisons across
design iterations. This section demonstrates its application
in proof-of-concept experiments, quantifying the relative
performance of the baseline structure and guided structure at
representative injection locations.

The radar chart Figure 8 illustrates the semi-quantitative
performance of the baseline (BL), guiding structure A (GS-A),
and guiding structure B (GS-B) at two representative injection
positions (1 1) and (2 3).

At position (1 1) (near the flow channel inlet), the baseline
experiment demonstrated relatively high scores in bubble count
and event-weighted bubble count, whilst also exhibiting a
slight advantage in area fraction and trajectory consistency.
This indicates that at this location, neither GS-A nor GS-B
offered any significant overall improvement. However, GS-A
still yielded a distinct advantage in supressing macro-bubbles,
which elevated its total score despite limited benefits in other
metrics, as shown in Table 1.

At position (2 3) closer to the center of the test unit, both

GS-A and GS-B showed better performance than the baseline
experiment, more specifically, the total score of BS was 3.12,
while GS-A and GS-B achieved 3.81 and 3.41 respectively.
Although the baseline experiment achieved higher scores in
terms of trajectory consistency and bubble count, its average
score was reduced due to frequent formation and persistent
presence of macro bubbles, which is consistent with qualitative
observations in Section 3. In contrast, GS-A substantially
improved the bubble transport by suppressing coalescence and
reducing the bubble area fraction, which is reflected in its
consistently high scores across multiple metrics and the highest
total score among all cases. GS-B also improved macro-bubble
suppression compared to the BS, but its overall performance
remained moderate due to lower scores in bubble count and
trajectory consistency.

Overall, the comparison between position (1 1) and (2 3)
demonstrates that the effectiveness of guiding structures is
strongly position dependent. Although its benefits are limited
near the inlet, it proves crucial in the middle zone where
bubbles return or are trapped. Therefore, establishing a
multi-criteria scoring framework is essential, as a single
metric cannot comprehensively reflect the trade-offs between
bubble suppression, delivery, and removal efficiency. This
necessity becomes particularly pronounced when comparing
different injection locations where structural performance
exhibits significant difference.

Table 1: Semi-quantitative scores for baseline (BL), Guiding Structure A (GS-A), and Guiding Structure B (GS-B) at two representative injection positions.

Category
Trajectory

Consistency
Bubble

Area Fraction Bubble Count Macro-Bubble
Penalty

Event-weighted
Bubble Count

Total
Score

BL P(1 1) 2.85 3.61 4.11 1.49 4.10 3.01
GS-A P(1 1) 2.54 3.42 2.38 5.00 2.42 3.34
GS-B P(1 1) 2.52 2.62 1.44 0.00 1.50 1.65

BL P(2 3) 4.56 3.26 4.64 0.00 4.57 3.12
GS-A P(2 3) 2.80 3.79 3.67 5.00 3.67 3.81
GS-B P(2 3) 3.07 3.63 1.94 5.00 1.77 3.41

BL_(P1_1) BL_(P2_3)

Fig. 8: Radar chart for semi-quantitative scoring at different investigated position: P (1 1) close to flow inlet; P (2 3) locates in the middle zone of test cell
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5. Conclusion

This study presented a framework to simplify the
management of complex multiphase flow through additive
manufacturing-driven iterative exploration.. By integrating
rapid prototyping with a position-resolved test strategy
and a semi-quantitative scoring framework, the approach
converts qualitative bubble observation into reproducible,
evidence-based design feedback. The selected metrics are
closely related to the functional impact of bubbles within an
electrolyzer, such as the blockage of electrode active sites and
current fluctuations caused by large bubbles. It ensures that the
optimization targets are not only quantitative but also directly
relevant to electrochemical performance.

Besides, the findings emphasize the necessity for spatially
adaptive optimization of bubble-guided components, as
structural effectiveness has been shown to vary across different
bubbble injection locations. This highlights the need for
locally tailored designs rather than uniform solutions. At the
same time, this framework ensures design iterations are guided
by experimental evidence rather than conceptually feasible
structures.

Although the current framework has deliberately separated
electrochemical reactions from interactions with geometric
structures and bubbles, it provides a transferable foundation
for future integration of real electrochemical conditions.
Looking ahead, this approach may be integrated with Bayesian
optimization, where semi-quantitative scoring serves as the
objective function, thereby enabling data-driven exploration
of the design space. Numerical simulation can likewise
be used as an optional pre-screening or decision-support
tool to identify areas of potential in the design space
prior to physical prototyping, thus complementing the
experiment-driven nature of the workflow. Such combinations
offer a practical and scalable pathway for accelerating the
development of fluid-adaptive structures within electrochemical
and multiphase systems. In addition to the electrolyzer-inspired
demonstration, the underlying framework can be applied
to other geometry-dominated gas–liquid multiphase systems,
highlighting its potential as a general design strategy for
structure-dependent flow management.
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