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Abstract

Building-integrated photobioreactors require fagade components that reconcile
geometric adaptability, manufacturability, liquid containment, modularity, and
operational monitoring. This study develops a 3D-printed PETG microalgal curtain-wall
module integrating parametric design, additive fabrication, embedded sensing, and
prototype operation. Nine Rhino/Grasshopper-generated variants (150 x 150 mm)
exhibited closed-mesh areas of 707.0-729.4 cm? and predicted filament demand of
29.75-30.54 g (CV 0.87%). Recorded printing times ranged from 100 to 125 min (CV 7.87%).
A continuous single-wall spiral-vase strategy enabled transparent reactor prototypes for
liquid filling and circulation. An STM32-based system provided multi-source sensing and
rule-based pump actuation. Prototype tests showed liquid containment, pump-driven
circulation with Spirulina (Arthrospira) culture medium, and preliminary multi-module
assembly. The results establish the prototype-level building-engineering feasibility of
additively manufactured bio-reactive curtain-wall modules while identifying the

requirements for future facade-scale performance validation.
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1.Introduction

Building envelopes are increasingly evolving from passive environmental separators into
active components capable of participating in exchanges of energy [1], [2], [3], matter,
and information. Microalgal photobioreactors (PBRs) represent one pathway toward such
bio-reactive building systems, because a transparent reactor can simultaneously form
part of the building skin and provide a controlled space for culture circulation, gas
exchange, and microalgal growth[4], [5] . Once translated from a laboratory vessel into a
curtain-wall component[6], [7], however, the design problem extends beyond cultivation
performance to include geometry, fabrication, liquid containment, modular connection,

sensing, maintenance, and operational control[8], [9].

Most existing building-integrated PBRs rely on glass, acrylic, or other transparent sheet
materials assembled through machining, bonding, and mechanical connection[10], [11].
These systems provide established solutions for transparency and fagcade construction
but offer comparatively limited flexibility for complex geometries, localized surface
modulation, integrated fluidic features, and rapid design iteration[12], [13]. Additive
manufacturing provides an alternative by enabling digitally defined geometries to be
translated directly into layer-wise fabrication[14], [15] . For liquid-containing components,
however, printability alone does not guarantee functional operability[16], [17]. Local
curvature, wall thickness, toolpath continuity, seam formation, and fabrication strategy
can influence both manufacturing stability and liquid containment, while fabrication

constraints in turn limit the feasible geometric design space[18], [19].

A further challenge arises from operation. Bio-reactive facgade components require the
monitoring of changing physical and water-quality conditions and, potentially, the
conversion of these signals into actuator commands[20], [21] . Without embedded
sensing and control, a digitally fabricated reactor remains largely a passive vessel
requiring external monitoring and manual intervention. Integrating sensing, signal
processing, and actuation at the component level therefore provides a means of

extending the fabricated module toward a cyber-physical building element[22], [23].

Although parametric design, additive manufacturing, and microalgal PBRs have each
been widely investigated, comparatively less attention has been paid to the engineering
continuity through which a computationally defined geometry is translated into a
manufacturable toolpath, physically fabricated as a liquid-containing reactor, equipped
with embedded sensing and control, and operated as an integrated prototype. Existing
studies frequently emphasize biological performance, environmental potential, or

individual fabrication techniques, whereas the connections among geometry generation,
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toolpath planning, machine execution, embedded control, and prototype operation

remain less systematically addressed[24], [25], [26].

Accordingly, this study investigates the prototype-level building-engineering feasibility
of 3D-printed PETG microalgal curtain-wall modules. Rather than optimizing oxygen
generation, CO; fixation, or biomass productivity, the study focuses on the coordinated
realization of geometric adaptability, additive manufacturability, fabrication consistency,
liquid containment and circulation, modular assembly, and component-level monitoring
and control. Nine parametric geometric variants are used to evaluate morphological
differentiation and fabrication demand, while transparent PETG prototypes are employed
for liquid-filling, circulation, and preliminary multi-module assembly trials. An embedded
sensing-and-control system is incorporated as an operational subsystem to support state
acquisition and rule-based pump actuation. As summarized in Fig. 1, the principal
contribution is the establishment of an integrated route for translating a digitally
designed bio-reactive facade concept into a manufacturable, operable, and modular

curtain-wall prototype, while explicitly defining the remaining requirements for future
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Fig. 1. Integrated workflow linking parametric design, additive manufacturing, embedded

control, and prototype operation.
2. Building-Engineering Framework and Evaluation Scope

2.1 From a laboratory photobioreactor to a building-integrated curtain-wall

component

A building-integrated photobioreactor is not a single-discipline system, but rather a
multi-layered engineering object involving biological processes, building construction,
digital fabrication, and embedded control[27], [28] . From a biological perspective, the
PBR provides a controlled environment for culture circulation, illumination, and gas
exchange. From a building-system perspective, it must additionally satisfy component-
level requirements related to scale, interfaces, assembly, connection, and maintenance.
From a fabrication perspective, complex surfaces must be translated into continuous and
executable deposition paths. From an automation perspective, physical states must be
sensed, processed, and further converted into actionable control commands[29], [30]. On

this basis, the present study adopts a systems-engineering perspective in which
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computational geometry, digital fabrication, sensing, and actuation are treated as

consecutive stages within a single workflow rather than as isolated functional subsystems.

Accordingly, the primary evaluation criteria in this study are workflow continuity, inter-
component interface relationships, and prototype-level engineering feasibility, rather
than final code-compliant facade performance or optimized biological productivity.
Engineering feasibility is defined here by the extent to which a parametric definition can
generate manufacturable modules with explicit construction logic; a digital model can be
translated into a PETG reactor chamber through a consistent slicing and deposition
strategy; the fabricated transparent module can support liquid filling and circulation; a
dedicated embedded system can acquire relevant operating signals and drive a pump
actuator; and the data and physical interfaces linking design, fabrication, sensing, and
actuation can be clearly traced within the same system. The study therefore evaluates an
end-to-end engineering implementation route for a bio-reactive curtain-wall
component, rather than providing final proof of regulatory compliance or biological

performance optimization.
2.2 Evaluation criteria and prototype boundaries

The engineering evidence used in this study is derived from four primary sources. The
first comprises the Rhino/Grasshopper parametric definition and nine exported STL
variants, which are used to examine the geometry-generation logic and morphological
differentiation among design alternatives. The second consists of Bambu Studio slicing
records, from which predicted filament demand, slicer-predicted printing time, and
toolpath-related fabrication parameters are extracted under unified manufacturing
settings. These digital fabrication records are complemented by experimentally recorded
machine times obtained during physical printing under a common accelerated operating
mode. The third source includes the dedicated STM32-based control schematic, the
breadboard-based prototype hardware setup, and the associated Keil firmware project,
which together provide evidence of the implemented sensing, signal-processing,
visualization, and actuator-control pathways. The fourth source comprises physical
documentation and operational observations of white PETG manufacturing pre-
prototypes, transparent PETG functional prototypes, liquid-filling and circulation trials,
and multi-module assembly, thereby providing prototype-level evidence for the

complete design—fabrication—control-operation chain.

In the geometric analysis, the total surface area of each closed STL mesh is used as a
comparative descriptor of geometric development among the parametric variants. This
quantity is treated exclusively as a geometric metric and should not be interpreted as an

experimentally determined microalgal attachment area or biologically active surface area.
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Likewise, filament mass and printing time reported by Bambu Studio are software-
predicted quantities obtained under consistent slicing conditions and are used to
characterize relative fabrication demand at the digital-planning stage. By contrast, the
recorded 100-125 min printing times represent physical machine execution under a
common Ludicrous operating mode. Because the slicer predictions and physical machine
times correspond to different execution-speed conditions, they are not treated as a direct

prediction—measurement accuracy comparison.

The embedded control system is evaluated within similarly explicit implementation
boundaries. At the schematic level, interfaces are provided for pH, TDS, turbidity, CO»-
related analog input, temperature, liquid level/depth, circulation flow, local OLED
visualization, and pump actuation. The corresponding hardware architecture was
functionally evaluated through a breadboard-based prototype setup rather than a
finalized fabricated PCB. The current firmware implements temperature acquisition, four-
channel analog ADC acquisition, interrupt-based flow-pulse counting, signal conversion
and preprocessing, local data visualization, and PWM -based circulation-pump actuation.
The liquid-level/depth channel remains a reserved hardware interface, while the CO,
channel currently provides raw ADC acquisition without sensor-specific conversion to

calibrated concentration values.

Accordingly, the study distinguishes among designed hardware capability, physically
implemented prototype hardware, and functions actively executed in firmware. The
presence of an interface in the schematic is not interpreted as evidence that the
corresponding sensing or closed-loop function has been fully implemented or
experimentally validated. Only functions that are actively acquired, processed, displayed,
or actuated by the current prototype are discussed as operational capabilities. The
present system should therefore be regarded as a prototype-level cyber-physical
implementation rather than a fully autonomous or biologically optimized process-control

system.
3. Parametric Computational Design and Geometric Variants
3.1 Grasshopper-based parametric generation

The digital geometry of the reactor modules was developed in Rhino 8 using a
Grasshopper-based parametric definition[31], [32]. As illustrated in Fig. 2(a), the
computational workflow consisted of surface discretization, noise-field generation,
numerical remapping, displacement-amplitude control, and geometric reconstruction.
Rather than prescribing a fixed corrugation pattern, the definition was designed to control
the amplitude, spatial frequency, and distribution of local surface undulations through a

common generative logic. This approach enabled morphologically differentiated surface
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configurations to be produced while maintaining consistent geometric boundary

conditions for subsequent module extraction and fabrication.

The parametric design state can be expressed as:
1

0 = [A, fu, Ny, N, ... 1T

where Adenotes the displacement amplitude, f,represents the spatial scale or frequency
parameter of the noise field, and Nyand N,define the discretization resolution of the
base surface along its two parametric directions. Additional parameters control numerical
remapping, geometric scaling, and local morphological characteristics. The generated

geometry can therefore be represented as:
(2)
G=6(9)

For a discretized point P;on the base surface, with corresponding unit normal vector
N;and normalized noise value n;, the local geometric transformation can be expressed

as:

(3)

Pi, = Pi + AniNi

and the corresponding displacement magnitude is:

(4)

IPi —Pll=Aln;l

As illustrated in Fig. 2(b), the continuously generated parametric surface was
subsequently subjected to a geometric subdivision and module-extraction process.
Representative surface regions were cropped or bounded according to predefined
module dimensions, allowing the continuous morphological field to be translated into
discrete component-scale geometries. The purpose of this step was to establish a
consistent transition from a continuous parametric surface to manufacturable module
units, rather than to compare the final G1-G9 variants. The nine formal geometric variants

used for subsequent quantitative comparison are introduced separately in Section 3.2.
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The above expressions describe the computational mechanism of geometry generation
rather than predictive models of fluid behaviour, optical performance, or microalgal
attachment. Displacement amplitude and the spatial distribution of the noise field
determine the visible surface modulation, whereas downstream fabrication requirements
impose additional constraints on the feasible parameter space. In particular, local
curvature, spacing between adjacent surface regions, module boundaries, and the
requirement for a continuous executable toolpath constrain the acceptable degree of
geometric variation[33], [34] . The design process is therefore treated not as a purely
one-directional parameter-to-form operation, but as a manufacturability-constrained

geometry-generation and module-extraction process.

(a)

(b)

Fig. 2. Grasshopper-based parametric generation and module-extraction process. (a) Parametric
definition integrating surface discretization, noise-field generation, numerical remapping,
displacement control, and geometric reconstruction; (b) representative geometric subdivision and
module-extraction process used to translate the continuous parametric surface into bounded

component-scale geometries.
3.2 Nine nominal 150 x 150 mm geometric variants

Nine geometric variants, denoted G1-G9, were generated using the same parametric
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definition. All variants were assigned a nominal projected dimension of 150 X 150mm.
Minor deviations were observed in the bounding boxes of the exported STL files; however,
these deviations resulted from mesh export and were not intentionally introduced as

design variables. They were therefore neglected in the subsequent comparative analysis.
The common nominal projected area was:

A, =150 x 150 = 22 500 mm? = 225 cm?

The total surface areas of the closed STL meshes ranged from 707.0 to 729.4 cm2. The

relative difference between the maximum and minimum values was calculated as:

Q)

AAS — As,max - As,min % 100%

As,min

yielding:

_729.4-707.0

100% =~ 3.179
s =070 X 100% =~ 3.17%

For normalized comparison among the variants, a surface-development ratio was further

defined as:

(6)

where Ag;is the total closed-mesh surface area of variant i, and A,is the common
nominal projected area. Consistent area units were used in calculating R4 ;. This ratio is
intended only as a geometric descriptor of relative surface development among the
parametric variants. Because the closed STL surface area includes the principal curved
surfaces together with the side and bottom regions, R4 ;should not be interpreted as an

effective microalgal attachment area or a biologically active surface area.

Table 1. Geometric characteristics and unified slicing results of the nine parametric

variants

Variant | STL mesh surface | Predicted filament | Slicer-predicted printing

area (cm?) mass (g) time (min)
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G1 707.0 29.75 156
G2 714.8 29.92 156
G3 725.8 30.48 156
G4 729.4 30.21 156
G5 710.7 29.90 156
G6 7114 30.24 156
G7 709.7 30.21 156
G8 723.2 30.23 156
G9 728.2 30.54 156

Despite their visibly distinguishable surface morphologies, the nine variants exhibited only
a 3.17% range in total closed-mesh surface area. Under identical slicing conditions, the
predicted filament consumption also remained within a narrow range of 29.75-30.54 g,
while the slicer-predicted printing time was approximately 156 min for all variants. These
results indicate that, within the investigated parameter space, the parametric design
system was able to generate morphological differentiation while maintaining a common

nominal module scale and highly comparable digital fabrication demand.

It should be noted that the printing times reported in Table 1 represent Bambu Studio
predictions under the unified slicing configuration and are therefore used to characterize
fabrication planning rather than actual machine execution. The experimentally recorded
printing times obtained under a common accelerated machine-side operating mode are
analysed separately in Section 4, because the two datasets correspond to different

execution-speed conditions and are not treated as a direct slicer-accuracy comparison.
4. Additive-Manufacturing Translation and Fabrication Consistency
4.1 Two-stage PETG prototyping strategy

A two-stage PETG prototyping strategy was adopted to distinguish early
manufacturability assessment from later functional-reactor validation. As shown in Fig. 3,
the workflow proceeded from a parametric digital model to a white PETG manufacturing
pre-prototype and then to a transparent PETG functional prototype, followed by
prototype-level operation. In the first stage, white PETG was used to fabricate
manufacturing pre-prototypes in order to evaluate whether the curved geometries could
be formed continuously, whether local curvature or material shrinkage introduced

toolpath discontinuities or visible deformation, and whether module boundaries and
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connection regions could be fabricated reliably. Compared with transparent material, the
opaque white PETG reduced optical interference caused by reflection and transmission,

thereby providing a clearer basis for visual inspection and fabrication-oriented feedback.

After this initial screening, transparent PETG was used to fabricate the functional reactor
prototypes. This second stage enabled direct visual observation of liquid filling, internal
liquid distribution, and circulation behaviour within the reactor chamber. The white PETG
specimens therefore functioned primarily as geometry-to-fabrication validation models,
whereas the transparent PETG specimens were further used for liquid-containment
observation, circulation testing, and preliminary system-integration assessment. In this
sense, the two-stage strategy established a traceable transition from manufacturing -
oriented verification to functional prototype implementation, as illustrated by the

fabrication-informed iteration indicated in Fig. 3.

The nine parametric variants G1-G9, all treated as nominal 150 x 150 mm modules, were
mainly used for morphology comparison and fabrication-consistency analysis under
unified slicing conditions. By contrast, the selected transparent functional prototype was
further developed at an enlarged scale of approximately 200 x 200 x 50 mm for liquid
filling, continuous circulation, and multi-module assembly observations. These two scales
therefore served different experimental purposes: the smaller modules supported
design-space exploration and comparative fabrication analysis, whereas the enlarged

transparent prototype was used for system-level validation of prototype operation.

Stage I: Manufacturing pre-prototyping Stage II: Functional prototyping
( (a) Parametric digital [ (b) White PETG pre- ) ( (c) Transparent PETG ) ( (d) Prototype-level
model prototype functional prototype operation

N —Z \—

Fabrication-informed design iteration

Fig. 3. Two-stage PETG prototyping strategy.

(a) Parametric digital model; (b) white PETG manufacturing pre-prototype for manufacturability
assessment; (c) transparent PETG functional prototype for liquid-state observation and circulation
testing; and (d) prototype-level operation. The dashed arrow indicates fabrication-informed

iteration from pre-prototyping to functional implementation.

4.2 Continuous single-wall toolpath and fabrication consistency



301
302
303
304
305
306
307

308
309
310
311
312
313
314
315
316

317
318
319
320
321

322
323

Physical fabrication was conducted using a Bambu Lab P1S fused-deposition-modelling
(FDM) printer equipped with a standard 0.4 mm stainless-steel nozzle. The nine
parametric variants G1-G9 and the white manufacturing pre-prototypes were fabricated
using SUNLU white PETG filament, while the functional reactor prototypes were produced
using SUNLU transparent PETG filament. Both materials had a nominal filament diameter
of 1.75 mm. During printing, the nozzle temperature was set to 255 °C, while the build-

plate temperature was maintained at 70 °C.

Bambu Studio slicing records showed that all nine morphology-screening modules were
prepared using a unified continuous single-wall fabrication strategy. A 0.12 mm Fine
slicing profile was adopted, with a nominal layer height of 0.12 mm, a first-layer height
of 0.20 mm, a default and outer-wall line width of 0.42 mm, and a single wall loop. Spiral-
vase mode was enabled, with zero top-shell layers and five bottom-shell layers. This
configuration allowed the reactor envelope to be formed predominantly through a
continuous outer-shell toolpath, thereby reducing local discontinuities associated with
repeated starts, stops, retractions, and seam locations in conventional perimeter-based
deposition[35], [36].

Across the nine variants, the outer-wall operation accounted for approximately 91.2%—
92.0% of the slicer-predicted model-printing time and 85.1%-86.0% of the predicted
filament consumption. The fabrication strategy therefore exhibited a clear shell-
dominated character, with most of the planned material and manufacturing time

concentrated in the functional envelope rather than in internal infill or support structures.

Table 2. Principal fabrication, slicing, and machine-execution parameters for the nine

parametric modules

Parameter Setting / result

3D printer Bambu Lab P1S

Printing technology Fused deposition modelling (FDM)
Nozzle diameter 0.4 mm

Nozzle material Stainless steel

Filament SUNLU white PETG

Filament diameter 1.75 mm

Nozzle temperature 255 °C

Build-plate temperature 70 °C




Slicing software Bambu Studio

Nominal specimen size 150 x 150 mm (G1-G9)
Layer height 0.12 mm
First-layer height 0.20 mm

Default/outer-wall line width 0.42 mm

Wall loops 1

Spiral vase Enabled

Top shell layers 0

Bottom shell layers 5

Predicted filament mass 29.75-30.54 g/module

Slicer-predicted printing time | approximately 156 min/module

Machine-side operating mode | Ludicrous mode for all variants

Recorded printing time 100-125 min/module

Mean recorded printing time | 112 min/module

324  To evaluate material-demand consistency under identical slicing conditions, the mean

325  predicted filament mass was calculated as:

326 (7)
n
1
328 7 = —Z m
n ]
=1
327
329  vyielding:
331 m=3016g
330

332  The corresponding sample standard deviation was:\

333 (8)

n
1
334 Sm = | 1Z(mi —m)>?
l=
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with:

sm=026g

The coefficient of variation was therefore:

Sm
Clin = = X 100% = 0.87%

and the normalized range of predicted material demand was:

_ Mpmax —

m .
Am = T‘“‘“ X 100% =~ 2.62%

As shown in Fig. 4(a), the predicted filament consumption remained tightly clustered
between 29.75 and 30.54 g across G1-G9. The low coefficient of variation indicates that
the visible morphological differences introduced by the parametric system had only a

minor effect on predicted material demand within the investigated design space.

To characterize the shell-dominated nature of the fabrication strategy, the outer-shell

material ratio of variant iwas defined as:

©)

outer,i

m
Rehen,i = — x 100%

total,i

where mgy¢er;is the slicer-predicted filament mass associated with the outer wall and

Myotal ;1S the total predicted filament mass.

At the digital fabrication-planning stage, Bambu Studio reported an approximately
identical model-printing time of 156 min for all nine variants. At the minute-level display
resolution of the slicer, the corresponding coefficient of variation can therefore be
approximated as:

CVt,slicer ~ 0

Physical fabrication was subsequently conducted using the same accelerated machine-
side operating strategy for all variants, with Ludicrous mode enabled during printing. The
recorded machine times for G1-G9 were 100, 116, 120, 105, 108, 102, 125, 112, and 120
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min, respectively. The mean recorded printing time was:

n

_ 1
tactual = EZ t; = 112 min
i=1

with a sample standard deviation of:

n
1 ey .
St,actual = mz(ti — tactual)® = 8.82 min
i=1

and a coefficient of variation of;

_ St,actual

CVtactual = - X 100% =~ 7.87%

actual

The distribution of recorded machine times is shown in Fig. 4(b). Although the physical
printing times varied more than the slicer-predicted values, they remained within a
relatively narrow range of 100-125 min under the common accelerated operating mode.
This indicates that geometric differentiation introduced measurable but limited variation

in machine-level execution time.

It is important to distinguish the two time datasets. The approximately 156 min values
represent Bambu Studio predictions under the unified slicing configuration, whereas the
recorded 100-125 min values correspond to physical machine execution with Ludicrous
mode enabled. Because the two datasets were obtained under different machine-speed
conditions, their absolute difference is not interpreted as a slicer prediction error. Instead,
the slicer data are used to characterize consistency at the digital fabrication-planning

stage, while the recorded times characterize variability during actual machine execution.

Taken together, Fig. 4(a-b) demonstrates two complementary aspects of fabrication
consistency. At the planning stage, predicted filament consumption varied by less than 1%
in coefficient-of-variation terms, while predicted printing time was effectively identical
across the nine variants. At the machine-execution stage, actual printing time exhibited
a coefficient of variation of 7.87%. These results suggest that, within the investigated
parameter space, parametrically differentiated surface morphologies can be produced
while maintaining highly consistent material demand and relatively stable production
time. For modular fagade fabrication, this compatibility between geometric differentiation

and repeatable manufacturing demand is more relevant than geometric complexity alone,
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component production.
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Fig. 4. Digital fabrication demand and physical machine execution across the nine parametric
variants.

(a) Slicer-predicted filament consumption under identical slicing conditions, showing a mean value
of 30.16 g and a coefficient of variation of 0.87%; (b) recorded printing time under a common
Ludicrous machine-side operating mode, with a mean of 112 min and a coefficient of variation of
7.87%. The slicer-predicted printing time of approximately 156 min is shown as a digital-planning

reference and is not interpreted as a direct prediction—-measurement comparison because the
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physical prints were executed under an accelerated machine-side mode.

4.3 Toolpath as an intermediate representation between digital geometry and

physical fabrication

The fabrication trials demonstrated that geometric continuity in the CAD environment
does not, by itself, guarantee the successful production of a thin-walled reactor chamber.
A continuous digital surface must first be translated into a machine-executable
deposition path, which is subsequently interpreted and executed under specific printer
operating conditions[37], [38]. Toolpath generation was therefore treated as an
intermediate representation linking computational geometry and physical fabrication
rather than as a passive final-export step. This translation process is illustrated in Fig. 5,
which follows a representative module from parametric geometry through slicing and

continuous-path generation to the fabricated PETG component.
The overall design-to-fabrication sequence can be expressed as:
(10)

Gdigital - Ttoolpath - Mexecution - Gfabricated

where Ggjgirairepresents the computational geometry, Tioopatndenotes the machine-
oriented deposition path generated by the slicer, Mexecution Fepresents the physical
execution of that path under the selected machine operating condition, and GfapricatediS

the resulting printed component.

As shown in Fig. 5(a—b), the parametric digital geometry is first translated into a slicer-
based fabrication representation. At this stage, the resulting toolpath can be expressed

conceptually as a function of the digital geometry and principal fabrication parameters:
(11)

Ttoolpath = T(Gdigital: h,w,v, S)

where his the layer height, wis the extrusion line width, vrepresents printing-speed-
related slicing parameters, and sdescribes the seam and path-continuity strategy. In the
present study, the spiral-vase configuration played a central role in converting the reactor
envelope into a continuous single-wall deposition trajectory. The resulting path
continuity is visualized in Fig. 5(c), where the sliced geometry is represented as a
continuous outer-shell toolpath rather than as a conventional sequence of discontinuous

perimeter segments.
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Machine execution constitutes a further stage between the planned toolpath and the

fabricated component. This relationship can be represented conceptually as:
(12)

Meyecution = M(Ttoolpath' /1)

where Adenotes the machine-side operating condition. In the physical fabrication
experiments, the same Ludicrous mode was applied to all nine variants. This distinction
between digital fabrication planning and machine execution is important because
identical slicer-predicted times do not necessarily result in identical physical printing
times. As reported in Section 4.2, the slicer assigned approximately 156 min to all variants,
whereas the recorded machine times under the common accelerated operating mode
ranged from 100 to 125 min. The fabricated outcome corresponding to this translation

chain is represented in Fig. 5(d).

Fabrication was therefore treated as an iterative rather than purely linear process.
Observations from the printed components can provide feedback to the acceptable

geometric design space:
(13)

Gdigital - Ttoolpath - Mexecution - Gfabricated - Fgeometry

where  Fgeometry denotes fabrication-derived feedback related to geometric
manufacturability. In the present workflow, this feedback was used to assess whether local
surface modulation, boundary transitions, and thin-wall geometry remained compatible
with continuous deposition. The transition from the digital model in Fig. 5(a) to the
fabricated component in Fig. 5(d) therefore represents not only a geometric conversion,
but also a sequence of manufacturing decisions mediated by the slicer and the machine -

execution stage.

Accordingly, the fabrication workflow is not interpreted as a simple CAD-to-print
conversion. Instead, it comprises three distinct but coupled representations:
computational geometry defines what is to be produced, the toolpath defines how that
geometry is translated into deposition instructions, and machine execution determines
how those instructions are physically realized. This distinction is particularly relevant to
parametrically differentiated building components, because similar digital fabrication
demand does not necessarily imply identical machine-level execution. Treating toolpath
generation as an explicit intermediate representation therefore provides a clearer basis

for linking computational design decisions to physical manufacturing behaviour[39], [40].
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Toolpath generation mediates the translation from digital geometry to fabricated thin-wall components.

Fig. 5. Geometry-to-toolpath-to-fabrication translation of the PETG reactor module.(a)
Representative parametric digital geometry; (b) slicer-translated fabrication model; (c) continuous
single-wall toolpath generated using the spiral-vase strategy; and (d) fabricated PETG thin-wall
component. The sequence illustrates the role of toolpath generation and machine execution as

intermediate stages between computational geometry and physical fabrication.
5. Embedded Monitoring and Operational Control of the PBR Module
5.1 Hardware architecture and sensing interfaces

To support prototype-level operation of the bio-reactive curtain-wall module, an
embedded monitoring-and-control system was developed to integrate liquid-state
sensing, circulation monitoring, local visualization, and pump actuation. Rather than
functioning as a standalone automation platform, the system was incorporated as an
operational subsystem of the PETG PBR module, enabling the fabricated reactor to
transition from a passive liquid-containing component toward an actively monitored

building-envelope prototype.

The system is based on an STM32F103VET6 microcontroller operating at 72 MHz. The
power architecture provides DC and USB Type-C input paths, followed by DC-DC
conversion to 5 V and regulation to 3.3 V. As illustrated in Fig. 6, the sensing layer
incorporates analog interfaces for TDS, turbidity, CO,-related signals, and pH, together
with a DS18B20 temperature sensor and a pulse-based circulation-flow sensor. The
controller provides local state visualization through an OLED display and circulation-

pump actuation through an L9110S motor driver.

The four analog sensing channels are connected to ADC1 through PA1-PA4, while
temperature is acquired through a 1-Wire interface on PBO and circulation flow through
falling-edge pulse counting on PB1/EXTI1. Pump actuation is implemented through
TIM4_CH4 on PB9, with PB8 providing the complementary control input to the L9110S
driver. A liquid-level/depth interface is additionally retained as a reserved hardware

capability for future dry-run protection and level-dependent control. The principal
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sensing and actuation interfaces and their current implementation status are summarized

in Table 3.

Table 3. Principal sensing, visualization, and actuation interfaces and their current

implementation status in the STM32-based embedded control system

Function MCU/interface Current implementation status
TDS PA1/ ADC1 Acquired and converted in firmware
Turbidity PA2 / ADC1 Acquired and converted in firmware
CO; PA3 / ADC1 Raw ADC acquisition; ppm calibration not
yet implemented

pH PA4 / ADC1 Acquired and converted in firmware
Temperature PBO / 1-Wire DS18B20; implemented
Circulation flow | PB1 / EXTI1 Falling-edge pulse counting; implemented
OLED Dedicated digital | Local state visualization

interface
Pump PB9 (TIM4_CH4) + | PWM actuation through L9110S

PB8
Liquid Reserved  hardware | Included at schematic level; not currently
level/depth interface used as a closed-loop input

5.2 Prototype hardware implementation and system boundaries

The overall monitoring-and-control architecture is summarized in Fig. 6, which illustrates
the functional relationships among the sensing layer, STM32-based controller, local
visualization, pump actuation, and the PETG PBR module. Multi-source sensing signals
are transferred to the controller through analog, 1-Wire, and interrupt-based interfaces,
while the processed system state is used for local display and circulation-pump control.
The return path from the reactor module to the sensing layer represents the physical
feedback relationship between prototype operation and subsequent state acquisition. In
this configuration, the embedded system functions as an operational subsystem of the

curtain-wall prototype rather than as an independent automation platform.

The corresponding hardware implementation is shown in Fig. 7. The STM32F103VET6
minimum-system circuitry provides the central platform for sensor acquisition and
actuator control, while the breadboard-based setup was used for integrated testing of

sensing, local visualization, and circulation-pump actuation. Representative sensing and
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actuation interfaces, including the water-quality channels, circulation-flow input,
reserved liquid-level/depth interface, and L9110S-based pump driver, are further
illustrated in Fig. 7(c). The prototype arrangement was intended for functional integration

and was not designed as a finalized production-ready control board.

The degree of implementation differs among the available sensing channels. TDS,
turbidity, and pH signals are acquired and converted into firmware-derived values,
whereas the CO, interface currently provides raw analog acquisition without calibrated
ppm conversion. Temperature and circulation flow are implemented through digital and
interrupt-based acquisition, respectively. The liquid-level/depth interface remains a
reserved hardware capability and does not currently participate in the implemented

control loop.

Accordingly, a distinction is maintained between system-level hardware availability and
operational functionality. Only signals that are actively acquired, processed, displayed, or
used for actuation are treated as implemented functions in the present prototype. This
boundary is important because the embedded system is intended to support
component-level monitoring and circulation operation of the bio-reactive curtain-wall
prototype, rather than to represent a fully autonomous biological-process management
platform [41], [42].

;  Sensinglayer i | Dedicated STM32-based
controller
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Fig. 6. Embedded monitoring-and-control architecture of the bio-reactive PETG curtain-wall
prototype. Multi-source sensing signals are acquired by a dedicated STM32F103VET6-based
controller through analog, 1-Wire, and interrupt-based interfaces. The embedded system
performs signal acquisition, conversion and filtering, flow processing, rule-based control, local

OLED visualization, and PWM-based pump actuation. The liquid-level/depth interface is retained
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548 Fig. 7. STM32-based embedded control implementation and prototype hardware integration. (a)
549 STM32F103VET6 MCU core and minimum-system schematic; (b) breadboard-based prototype
550 hardware setup used for integrated sensing, visualization, and actuator testing; and (c)
551 representative sensing and actuation interface circuits, including water-quality sensing channels,

552 flow and reserved liquid-level/depth interfaces, and the L9110S-based circulation-pump driver.

553 5.3 Signal processing and rule-based circulation control
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The implemented sensing—processing—actuation workflow is summarized in Fig. 8. Four
analog channels corresponding to TDS, turbidity, CO,-related input, and pH are
continuously acquired through ADC1 and DMA, while temperature is measured using a
DS18B20 sensor and circulation flow is obtained through interrupt-based pulse counting.
The acquired signals are subsequently converted or preprocessed in firmware to provide

operational state information for the prototype.

Temperature compensation is applied to the TDS and turbidity channels, while the pH
signal is converted using the linear relationship implemented in the firmware. These
outputs are treated as firmware-derived operational values rather than metrologically
validated measurements. Sensor-specific calibration against reference solutions or
independent instrumentation would therefore be required before quantitative sensing
accuracy could be reported. Likewise, the CO; interface currently retains the raw ADC

signal without conversion to calibrated concentration values.

Circulation flow is acquired through falling-edge pulse counting on PB1/EXTI1 and
processed at approximately 200 ms intervals. A five-sample moving average is applied
to reduce short-term fluctuations associated with pulse discreteness, transient bubbles,
and pump pulsation. Because the pulse-to-flow coefficient was not independently
calibrated against a volumetric reference, the resulting signal is interpreted primarily as

an indicator of relative circulation state.

The current actuation strategy employs a two-state rule-based controller in which the
processed TDS value is used to determine the circulation-pump PWM command. When
the TDS value exceeds the commissioning threshold of 50, the pump is operated at 100%
PWM; otherwise, a 50% PWM command is applied. This threshold is used solely to
demonstrate the sensing—decision—actuation pathway and should not be interpreted as

a biologically optimized control threshold for Spirulina cultivation.

The implemented control strategy therefore provides a transparent prototype-level link
between state acquisition, signal processing, operational decision-making, and physical
circulation control. Its purpose is to support the operation and evaluation of the curtain-
wall prototype rather than to establish an advanced predictive or biologically optimized
control system. More sophisticated control would require calibrated sensing, long-term
biological datasets, and validated relationships among circulation, water-quality

conditions, illumination, and microalgal response [43], [44].
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Fig. 8. Firmware sensing—processing—actuation workflow. Multi-source sensor signals are acquired
through ADC, 1-Wire, and EXTI1 interfaces and subsequently processed through voltage
conversion, temperature compensation, parameter conversion, and flow-signal averaging. The
current firmware applies a single-threshold two-state TDS rule, with TDS > 50 corresponding to a
100% pump PWM command and the alternative state corresponding to 50% PWM. CO- is retained
as a raw analog signal, while the five-point moving average is applied to the flow channel. Pump
actuation is implemented through TIM4_CH4 and the L9110S driver, with the resulting physical

state returning to the sensing layer in the subsequent control cycle.
6. Prototype-Level Functional Validation for Curtain-Wall Integration
6.1 Liquid containment and geometric stability

Following fabrication, the transparent PETG functional prototype was subjected to liquid -
filling trials to evaluate its geometric stability and basic liquid-containment capability.
During filling, the overall geometry of the module remained visually stable, with no
evident macroscopic deformation or observable leakage. The transparent PETG envelope
also enabled direct observation of the internal liquid state, allowing the liquid level and

local distribution to be inspected without disassembling the module.

These observations indicate that, at the current prototype scale and under the tested
conditions, the continuous single-wall fabrication strategy was capable of producing a
thin-walled reactor chamber suitable for subsequent circulation and system-integration
trials. However, the assessment remained qualitative and did not follow standardized
procedures for curtain-wall watertightness, long-term leakage, hydrostatic-pressure
resistance, or pressure-vessel performance [45]. The results should therefore be

interpreted as preliminary evidence of prototype-level containment feasibility rather than
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as certified watertightness or structural performance.
6.2 Circulation operation with Spirulina-containing culture medium

Following the liquid-filling assessment, the transparent PETG reactor chamber was
operated with a Sprrulina (Arthrospira)-containing culture medium under pump-driven
circulation. As shown in Fig. 9, this stage examined whether the additively manufactured
reactor chamber could accommodate the culture medium, maintain observable
recirculation, and operate together with the embedded monitoring-and-control

subsystem.

During the observation period, pump-driven liquid movement was maintained within the
transparent module, and the prototype remained operational under the tested conditions.
The culture medium exhibited a generally distributed colour appearance, while no
obvious large-scale accumulation or complete flow blockage was visually observed.
These observations indicate functional compatibility among the printed reactor geometry,
fluid interfaces, circulation hardware, and operational subsystem, extending the validation

from static liquid containment to active prototype operation.

The present evidence nevertheless remains qualitative rather than biological or
hydrodynamic. Biomass concentration, growth rate, dissolved oxygen, CO, fixation,
photosynthetic efficiency, residence time, internal velocity distribution, and long-term
cultivation stability were not quantitatively measured [46], [47]. Fig. 9 should therefore be
interpreted as evidence of prototype-level circulation feasibility and system integration

rather than as proof of optimized flow distribution, biological productivity, oxygen-

generation performance, or environmental benefit.
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Fig. 9. Prototype-level circulation operation of the transparent PETG PBR module containing
Spirulina culture medium. The image illustrates the integrated operation of the additively
manufactured transparent reactor chamber, circulation tubing, and embedded monitoring -and-

control subsystem during pump-driven circulation.
6.3 Modular assembly and facade integration potential

To examine the transition from an individual reactor chamber toward a modular fagade
configuration, multiple transparent PETG modules were assembled in parallel. As shown
in Fig. 10(a,b), the assembly was used to assess dimensional coordination among
repeated units, visual continuity across adjacent modules, and the potential for arranging

parametrically differentiated components within a repeated curtain-wall configuration.

The prototype assembly demonstrates that modules with different surface geometries
can be combined into a coherent array when common module boundaries and nominal
dimensional constraints are maintained. This result indicates that the parametric design
approach can support not only individual reactor components but also a modular
aggregation strategy in which geometric differentiation is introduced without

compromising overall spatial continuity and assembly coherence.

The current assessment remains limited to prototype-scale assembly rather than
building-scale facade validation. The modules were operated primarily as relatively
independent units, while requirements including shared supply and return lines, inter-
module hydraulic balancing, venting and drainage, curtain-wall sub-frame connection,
maintenance access, and centralized or distributed control have not yet been
experimentally verified [48], [49]. The multi-module configuration should therefore be
interpreted as preliminary evidence of modular scalability and facade-integration

potential rather than as complete validation of a building-scale PBR curtain-wall system.
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Fig. 10. Multi-module assembly and facade-integration potential of the transparent PETG PBR
modules.

(a) Prototype assembly of multiple transparent modules;

(b) facade-like arrangement illustrating dimensional coordination and visual continuity among

repeated units.
7. Discussion
7.1 Additive manufacturability of parametrically differentiated facade modules

The fabrication results demonstrate that controlled geometric differentiation can be
introduced into PETG curtain-wall modules while maintaining relatively stable
manufacturing demand within the investigated design space. Across G1-G9, the total
closed-mesh surface area varied by approximately 3.2%, while the coefficient of variation
in predicted filament consumption was only 0.87%. Recorded machine-execution times
ranged from 100 to 125 min, with a coefficient of variation of 7.87%. These results indicate
that the morphological differentiation generated by the parametric system did not result
in substantial changes in material demand or production time under the adopted

fabrication conditions.

This finding should nevertheless be interpreted within the tested geometric range. All
variants shared common nominal dimensions and were fabricated using the same
continuous single-wall strategy. More extreme curvature, overhang, or local geometric
discontinuity may generate different machine responses or fabrication failures. The
present results therefore demonstrate compatibility between parametric differentiation
and repeatable production under the investigated conditions rather than a general

independence of fabrication demand from geometric complexity [50], [51] .

The spiral-vase strategy was central to the fabrication of the thin-walled reactor envelope
because it reduced repeated starts, stops, retractions, and seam formation. At the same
time, the single-wall configuration provides limited structural redundancy and should
therefore be regarded as a prototype fabrication approach rather than a final curtain-

wall construction solution [52], [53]. Translation toward facade-scale implementation
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would require a fabrication strategy capable of reconciling geometric adaptability with

structural resistance, sealing, durability, and long-term service requirements.
7.2 From a printed reactor to an operational facade component

The embedded monitoring-and-control subsystem extends the additively manufactured
reactor from a passive liquid-containing prototype toward an operational fagade
component [54], [55]. Multi-source sensing, local state representation, circulation
monitoring, and pump actuation are integrated within a common hardware—software
framework, allowing the physical state of the reactor to be acquired, processed, and

translated into basic operational responses.

The present implementation nevertheless represents an initial operational layer rather
than a fully autonomous biological-process management system. Some sensing
interfaces remain reserved at the hardware level, the CO; channel is not yet converted
into calibrated concentration values, and the circulation pump is the only actuator
currently incorporated into the control logic. The two-state TDS-threshold rule should
therefore be understood as a commissioning strategy for demonstrating the sensing—
processing—actuation pathway rather than as an optimized control strategy for microalgal

cultivation.

Within the context of a building-envelope component, the significance of the embedded
subsystem lies primarily in its ability to support monitoring and circulation operation
within the same physical module. More advanced operational control would require
calibrated sensing, long-term datasets, and validated relationships among water-quality

conditions, circulation behaviour, illumination, and biological response [56], [57].
7.3 Implications for modular bio-reactive curtain-wall systems

The combined fabrication, liquid-containment, circulation, and assembly results suggest
a potential route for translating microalgal photobioreactors from isolated reactor vessels
into digitally differentiated building-envelope components. In contrast to conventional
PBR configurations based primarily on planar transparent panels, additive manufacturing
enables local geometric modulation and rapid digital variation while maintaining
common component boundaries and fabrication logic. This creates opportunities for
modular facade systems in which individual units share a consistent construction

framework while retaining differentiated surface geometries.

The proposed approach should not be interpreted as demonstrating the superiority of
PETG over conventional glass- or acrylic-based PBR facades. Rather, it identifies an
alternative design and fabrication pathway in which geometric customization, additive

manufacturing, modular aggregation, and embedded operational support are
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incorporated within a common component concept. At the same time, this flexibility
introduces additional requirements associated with structural resistance, sealing, optical
performance, weathering, durability, fire safety, hydraulic coordination, and maintenance,

all of which must be addressed before building-scale application.

From a building-engineering perspective, the relevance of the proposed system
therefore lies not only in the fabrication of an unconventional reactor geometry, but also
in the possibility of coordinating geometric variation, manufacturing logic, operational
monitoring, and modular assembly within a repeatable facade-component framework.
The present prototype provides an initial basis for this integration, while subsequent work
must determine whether these advantages can be maintained under the performance

requirements imposed on actual building envelopes.
7.4 Limitations and requirements for facade-scale validation

The present study demonstrates prototype-level engineering integration rather than
optimized biological or building-envelope performance. Although the parametric surface
modulation provides a means of generating differentiated reactor geometries,
relationships among surface morphology, hydrodynamic shear, optical transmission,
biofilm development, and microalgal productivity were not quantified. Establishing these
relationships will require further investigation through fluid-dynamic analysis, optical

characterization, surface assessment, and biological monitoring.

Scaling the approximately 200 x 200 x 50 mm functional prototype toward a building-
integrated curtain-wall system would introduce additional requirements related to
structural loading, standardized watertightness, weathering, ultraviolet exposure, fire
performance, sealing, maintenance, hydraulic balancing, drainage, and sub-frame
integration [58], [59] [60], [61]. The present study also does not provide calibrated
evidence of biomass productivity, oxygen generation, CO, fixation, or system-level
energy performance [62], [63]. These limitations define the principal validation tasks
required before the proposed concept can be considered for facade-scale

implementation.

Accordingly, future development should prioritize standardized building-envelope
testing and long-term operational validation rather than simply increasing geometric or
control complexity. Structural performance, watertightness, durability, optical behaviour,
hydraulic operation, biological stability, energy demand, maintenance, and safety should
be evaluated together to determine whether the proposed module can progress from a

functional prototype toward a viable building-integrated bio-reactive fagade component.

8. Conclusions
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This study demonstrates the prototype-level building-engineering feasibility of additively
manufactured PETG microalgal curtain-wall modules. Nine parametrically differentiated
geometries were fabricated using a common continuous single-wall strategy. Despite
morphological variation, predicted filament demand remained highly consistent, with a
coefficient of variation of 0.87%, while recorded printing times ranged from 100 to 125
min under a common accelerated operating mode. These results demonstrate that
controlled geometric differentiation can be achieved while maintaining relatively stable

fabrication demand within the investigated design space.

Transparent PETG prototypes further demonstrated basic liquid containment, pump-
driven circulation with Spirulina (Arthrospira)-containing culture medium, and preliminary
multi-module assembly. The embedded monitoring-and-control subsystem provided
sensing, state processing, local visualization, and rule-based circulation-pump actuation,
supporting the transition from an additively manufactured reactor vessel toward an

operational and modular bio-reactive fagcade prototype.

The current system remains a proof-of-concept rather than a validated building-scale
curtain-wall solution. Standardized watertightness, structural performance, durability,
weathering, fire safety, optical behaviour, hydraulic performance, biological productivity,
energy demand, and long-term operation remain to be quantitatively assessed. Future
work should therefore focus on integrated facade-scale performance validation to
determine the viability of the proposed modules as building-integrated bio-reactive

envelope components.
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