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Peeling test

Figure S1. FESEM micrographs (secondary electron mode) of PLA scaffolds after peel testing 

for adhesion control experiments conducted with 3 GNP dip-coating cycles: (a–d) untreated 

PLA, (e–h) NaOH-etched PLA, and (i–l) PEI-modified PLA. Increasing magnifications illustrate 

coating retention after mechanical peeling.

To decouple the effects of surface roughening and surface functionalization on coating adhesion, 

samples were prepared using identical dip-coating conditions (3 coating cycles) and subjected to 
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peel testing. FESEM examination of the post-peel fracture surfaces reveals distinct differences in 

coating adhesion depending on surface pretreatment.

Untreated PLA exhibits negligible residual GNP coverage after peeling, indicating weak 

interfacial adhesion. NaOH-etched PLA demonstrates improved coating adhesion relative to 

untreated PLA, suggesting that surface roughening enhanced mechanical interlocking. PEI-

modified PLA showed further improvement in residual GNP presence after peeling, consistent 

with additional interfacial interactions introduced by surface functionalization.

However, compared to the combined NaOH + PEI treatment reported in the main manuscript, 

these single-treatment controls exhibit visibly weaker coating adhesion. The combined treatment 

provides the highest coating adhesion among the tested conditions, with substantially reduced 

delamination after peel testing. These comparative results support the interpretation that both 

surface texturing and interfacial modification contribute to enhanced GNP coating adhesion.

EMI shielding:

Figure S2. Reflection shielding effectiveness versus frequency for 3D-printed PLA samples 

coated for 0, 3, 6, and 9 cycles.

Figure S2 shows the reflection component of the shielding effectiveness (SER) for PLA lattice 

samples subjected to 0, 3, 6, and 9 dip-coating cycles. The results demonstrate a gradual and 

consistent increase in SER as the number of coating cycles increases, confirming that each 

additional graphene nanoplatelet (GNP) deposition enhances the material’s reflective shielding 



capability. This improvement is attributed to the progressive buildup of conductive GNP layers, 

which increase surface conductivity, reduce interfacial defects, and promote a more uniform 

electromagnetic (EM) barrier.

Across all coating cycles, the SER curves display a characteristic dip near 10–10.5 GHz, followed 

by recovery at higher frequencies. This dip may be associated with resonance-like behavior of the 

porous architecture, where the interplay between coating conductivity, lattice geometry, and 

dielectric properties can produce localized impedance-matching conditions [1]. Under this 

condition, the structure allows more EM energy to enter and dissipate within the coating–pore 

network, rather than being fully reflected. Such behavior is desirable for absorption-dominant EMI 

shielding systems, in which both surface reflection and internal loss contribute to overall shielding 

performance.

The position and depth of the SER trough evolved consistently with increasing coating cycles, 

suggesting that resonance-like behavior may be associated with Fabry–Pérot-type interference, 

cavity-mediated effects within the porous lattice, and interfacial polarization at GNP–PLA 

boundaries [2–4].  This trend suggests a gradual shift from a primarily reflection-dominated 

response toward a more balanced reflection–absorption behavior as the number of coating cycles 

increases.

Figure S3. Reflectance versus frequency for 3D-printed PLA samples coated for 0, 3, 6, and 9 

cycles.



Figures S3 and S4 illustrate the reflectance (R) and absorbance (A) profiles of the porous PLA 

structures across the X-band as a function of coating cycles. As shown, distinct dips in reflectance 

accompanied by corresponding peaks in absorbance consistently appear in the 10–11 GHz region. 

With additional dip-coating cycles, these spectral features gradually shift toward lower frequencies 

and increase in magnitude, indicating a strong dependence on the evolving electrical properties of 

the GNP layer.

Importantly, the presence of measurable absorbance peaks even in the uncoated sample (0 cycles) 

confirms that the resonant behavior originates not only from the conductive coating but also from 

the intrinsic porosity and geometry of the lattice, supporting the trends observed previously in 

Figure 14. The porous architecture may therefore act as a structural resonator capable of coupling 

with incident electromagnetic (EM) waves.

These frequency-localized features may be influenced by geometry-driven absorption 

mechanisms, including cavity resonance and Fabry–Pérot interference, where EM waves are 

confined between partially reflective boundaries which can give rise to standing-wave–like field 

distributions [5–7]. The resonance frequency is strongly governed by pore size, lattice spacing, 

and internal cavity dimensions, all of which determine the effective path length for constructive 

interference.

An additional contributing factor may be frequency-dependent polarization and relaxation 

processes within the conductive GNP network. When the incident EM wave frequency aligns with 

the characteristic oscillation modes of the conductive GNP layer, additional absorption may occur 

due to enhanced polarization and relaxation losses.

The progressive red-shift (shift toward lower frequency) observed with increasing coating cycles 

may reflect the combined influence of the thickening conductive layer and geometry-induced 

resonance-like behavior in the porous structure. As the coating becomes thicker, smoother, and 

more conductive, the influence of the GNP-dominated resonance grows, gradually increasing the 

contribution of coating-dominated effects relative to purely geometric responses [8,9]. 

Finally, the increasing height of the absorbance peaks may be associated with enhanced frequency-

selective attenuation, supported by higher surface conductivity, reduced interfacial resistance, and 



more uniform EM energy trapping as the GNP layer becomes more continuous with increasing 

cycles.

Figure S4. Absorbance versus frequency for 3D-printed PLA samples coated for 0, 3, 6, and 9 

cycles.

Flame retardancy:

Figure S5 presents FESEM images of the char residues formed after combustion for samples 

coated for 3, 6, and 9 cycles. These images provide detailed insight into how the char structure 

evolves as the GNP layer becomes thicker and more continuous. The layered graphene coating can 

act as an oxygen-diffusion barrier and a heat-dissipation pathway due to the intrinsic thermal 

conductivity of graphene nanoplatelets [10]. This combined barrier and thermal redistribution 

effect likely contributes to delayed ignition, stabilizes the polymer during thermal degradation, 

and suppresses the generation of volatile, flammable pyrolysis products. Correspondingly, the char 

becomes progressively smoother and less porous as coating cycles increase, indicating the 

formation of a more cohesive protective layer.



The FESEM observations in Figure S5 show the development of a dense, crack-resistant char 

structure at higher coating cycles. This behavior is consistent with the formation of a denser barrier 

layer, which can improve thermal shielding and structural integrity during combustion. In addition, 

a combined effect between the conductive GNP coating and the underlying porous diamond-like 

lattice is observed. The high surface-area-to-volume ratio of the lattice may facilitate heat 

redistribution and reduce localized thermal gradients that typically lead to catastrophic structural 

collapse [11].

Moreover, the interconnected porous network may provide pathways for the gradual release of 

gaseous pyrolysis products, which can reduce local pressure buildup and help preserve the char 

structure. Instead of rupturing or collapsing abruptly, the char layer appears to expand and 

stabilize, allowing the structure to remain intact under extended thermal exposure. This controlled 

venting mechanism may contribute to char cohesion and reduced internal pressure buildup during 

decomposition. These findings are consistent with the preserved structural morphology of the burnt 

samples shown in Figures 16(c), 16(e), and 16(g), confirming the combined protective roles of the 

GNP coating and the 3D-printed lattice geometry in enhancing flame retardancy [12].



Figure S5. FESEM images of ashes of porous 3D printed PLA samples coated for (a-c) 3, (d-f) 

6, and(g-i) 9 times at various magnifications acquired in secondary-electron mode (first column) 

and back-scattered electron mode (second and third columns), respectively.
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