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Abstract

Laser additively manufactured microscale metallic lattices show great potential for
high-performance applications, yet trade-offs among geometric precision, structural integrity,
and computational efficiency still persist. Here, we introduce a stereolithography file
format-free (STL-free) hybrid toolpath generation method for laser-based powder bed fusion
(PBF-LB) that synergizes implicit geometric modeling with optimized laser scanning strategy,
overcoming these limitations. By circumventing traditional mesh-based workflows, our method
directly translates implicit lattice geometries into laser toolpaths while precisely regulating
energy deposition trajectories. This mesh-free process enables the fabrication of complex shell
lattices with ultra-thin walls and enhanced surface quality. In addition to reducing memory
usage and processing time by up to 90%, the method yields a synergistic enhancement in
mechanical performance, notably improving both strength and toughness. By bridging
computational design and fabrication, this framework enables the scalable production of
high-performance microscale lattices and unlocks their potential for industrial applications.

* Authors to whom any correspondence should be addressed.

Original content from this work may be used under the

5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT 1


https://doi.org/10.1088/2631-7990/ae01ff
https://orcid.org/0000-0001-8643-7518
https://orcid.org/0000-0003-2141-5865
https://orcid.org/0000-0003-2048-1107
mailto:mmmwfu@polyu.edu.hk
mailto:wenchen@umass.edu
mailto:xsong@mae.cuhk.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1088/2631-7990/ae01ff&domain=pdf&date_stamp=2025-9-29
https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 8 (2026) 015002

Laser additive manufacturing of high-resolution microscale shell lattices...
Ding J et al.

Supplementary material for this article is available online

Keywords: toolpath engineering, STL-free hybrid toolpath, high-resolution printing,

laser-based powder bed fusion, microscale lattices

1. Introduction

Metamaterials, a class of engineered structures, are known
for their exceptional properties that are unattainable in bulk
materials!' =31, By precisely manipulating design paramet-
ers, they can achieve unique functionalities such as multi-
stability!*31, tunable stiffness!®’!, bio-compatibility!®!, and
energy absorption!®!1. Among them, metallic shell-based
metamaterials, particularly at microscale, have shown great
potential for application in industries like aerospace!!!l,
biomedicall!?!, and automotive!'3!, where extreme mechanical
performance and miniaturization are simultaneously required.

Laser-based powder bed fusion (PBF-LB), a dom-
inant technology in metal additive manufacturing, has
played a pivotal role in the fabrication of metallic lattice
structures!'4~161. However, achieving the necessary resolu-
tion and precision at microscale while maintaining structural
integrity remains a significant challenge!!”-'®]. Conventional
PBF-LB systems, typically operating with scan track widths
between 150 um and 300 pm, struggle to fabricate fine
structural features such as thin shells and high-curvature
surfaces! !, which are critical for applications like bone
scaffolds and dental implants!®-20-2!1, Most existing lattice
designs employ unit cell sizes ranging from 3 mm to 10 mm
and suffer from significant surface roughness (Ra: 15-30 pm,
with powder particle size Dso around 30 pm)!'#-22:231 render-
ing them unsuitable for those applications!>*?%1. To address
these limitations, laser scanning strategies such as Zig-Zag!?°!,
rotation 67° (R67)?7!, and Al-enabled toolpaths!?®! have been
developed for interior filling, while contour scanning enhances
surface quality. Yet, further reduction in feature size demands
more specialized toolpath planning.

The fabrication of thin-walled lattice structures is funda-
mentally constrained by the laser beam spot size and the
stability of molten pool dynamics during single-track scan-
ning. The walls thinner than 100 pm face process instabilities
such as powder recoating, spattering, and balling defects!?%-3°1,
For example, grid-like thin-wall structures, fabricated using
single-track strategies, often exhibit surface defects (e.g.,
adhered particles, burrs, and discontinuities) with surface
roughness values around Ra = 11 pum, alongside pores and
microcracks!®!!. Experimental and computational studies of
molten pool behavior in multilayer tungsten tracks have
demonstrated that low energy densities, required for thinner
walls, exacerbate balling and track discontinuity!3?.

Shell-based lattices, particularly triply periodic min-
imal surfaces (TPMS), further complicate the manufac-
turing situation due to extensive overhangs and curved
surfaces!*. Common defects in such structures include
thickness variation, through-thickness porosity, surface

waviness, and roughness!**. For instance, when fabricat-
ing Schwarz-Primitive shell lattices in Ti6Al4V via single-
track contour scanning, through-hole defects were observed
in overhang regions!**3%1. These persistent challenges under-
score the urgent need for advanced fabrication strategies that
enable finer feature control, especially in overhang-dominated
geometries.

In parallel, the computational pipeline for generating high-
resolution lattice structures remains inefficient. Traditional
workflows rely heavily on STL files, which tessellate impli-
cit geometries into surface meshes for slicing and toolpath
generation!*®!. This conversion degrades geometric fidelity,
particularly in smoothly curved thin shells, and imposes a sig-
nificant computational burden!*’-38!. For complex shell lat-
tices, the trade-off between mesh resolution and processing
time becomes a major bottleneck!**-*?1. While improvements
in STL meshing and slicing have been proposed, they remain
limited to relatively simple geometries and do not scale well
to intricate topologies!“’!. Recent studies suggest that direct
slicing of implicit representations!*! 3!, could bypass these
limitations, offering significant efficiency gains and unlocking
new potential for fabricating TPMS lattices.

Here, we present an STL-free hybrid toolpath planning
strategy specifically developed for an open-source PBF-LB
system to fabricate complex shell lattice structures. This
approach directly converts implicit lattice geometries into
laser scanning paths, entirely bypassing the STL conversion
process. As a result, computational memory usage and pro-
cessing time are reduced by up to 90%. The hybrid toolpath
strategy enables the fabrication of ultra-thin walls with thick-
nesses as low as 65 pm through single-track scanning, while
maintaining structural integrity in overhang regions via an
adaptive R67 path. The precisely controlled laser scanning
path ensures a stabilized energy input density, leading to
high surface quality with a surface roughness as low as
Ra = 3.2 um. This methodology significantly enhances com-
putational efficiency, geometric fidelity, and printing qual-
ity. Notably, the proposed strategy is versatile and readily
adaptable to other powder bed fusion platforms, paving the
way for high-precision manufacturing in applications such as
mechanical energy absorbers, heat exchangers, and biomed-
ical implants.

2. Method

2.1. PBF-LB fabrication

An in-house developed PBF-LB system, Hans M100u, was
employed for the experimental work. The system is equipped
with a fiber laser operating at a wavelength of 1 070 nm, with
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a beam spot size of 25 um. To maintain optimal atmospheric
conditions during processing, the build chamber was purged
with nitrogen gas, ensuring an oxygen concentration below
0.05%. Gas-atomized spherical 316L stainless steel powder,
with particle diameters ranging from 5 um to 25 um (median
diameter, D5y = 16.3 um), was sourced from Beijing AMC
Powder Metallurgy Technology Co., Ltd. The as-printed 316 L
features a Young’s modulus of approximately 190 GPa and
a yield strength of around 520 MPa. The printing parameters
governing the laser scanning path are summarized in Table S1.
For the contour scanning path, the segment length (SL) varied
from 5 pm to 400 um, while the line hatch distance (LHD)
ranged from O wm to 120 um for each SL, resulting in 35 para-
meter combinations. A self-developed algorithm executed in
MATLAB implements the whole process, including geomet-
ric modeling, slicing, and toolpath generation.

2.2. Characterization of manufacturing fidelity

The as-printed samples were subjected to ultrasonic cleaning
following their removal from the build plate, which was per-
formed using electrical discharge machining (EDM). The rel-
ative density of the lattice structures was calculated to assess
the overall fidelity of the printing process. Shell thickness
and surface quality were investigated by using the RH-2000
High-Resolution 3D Optical Microscope, HIROX. The aver-
age roughness, Ra, was evaluated through the depth recon-
struction via the same microscope. The morphologies of the
lattice samples were characterized by a scanning electron
microscope (SEM, JCM-6000Plus). The crystal structure was
characterized using an EBSD system (EDAX velocity Plus)
with a step size of 0.2 um, which was then analyzed using
an open-source toolbox in MATLAB, MTEX. The Scanco
Medical pCT-35 Micro-CT, featuring a 70 kV X-ray source,
was utilized for non-destructive characterization, after which
the rebuilt models were exported as STL files to furnish 3-
dimensional geometric data.

2.3. Tensile and compression tests

Quasi-static compression tests were conducted using an MTS
universal testing machine (Model 370.1, MTS Landmark®
Testing Solutions). Young’s modulus of the lattice was determ-
ined through cyclic loading-unloading compressive tests, cal-
culated from the unloading curve slope!**!. Machine stiff-
ness was calibrated via fixture compression to isolate the
sample’s intrinsic response; detailed procedures are provided
in Supplementary Text 1. For the large deformation, a com-
pression speed with a strain rate of 1.0 x 1073 s~! was applied
until densification transpired. The yield stress, plateau stress,
and energy absorption capability were utilized to evaluate the
mechanical performance of the printed structures across the
different path parameters!*’!. Particularly, the yield strength of
the lattice structures was ascertained by the 0.2% offset from
the stress-strain curves.

In-situ  synchrotron high-energy X-ray diffraction
(HEXRD) tensile experiments were carried out at the FAST
beamline of the Cornell High Energy Synchrotron Source

using an X-ray energy of 67.416 keV (A = 0.183 9 A).
The tensile tests were conducted at a nominal strain rate of
2.5 x 10~* s~!, and meanwhile, the two-dimensional X-ray
diffraction patterns were collected in transmission mode with
an X-ray beam size of 0.8 mm x 0.8 mm. We used the CeO,
NIST powder standard to calibrate the sample-to-detector dis-
tance and instrumental broadening. One-dimensional diffrac-
tion patterns were acquired by integrating along the loading
direction (£5)° using the GSAS-II software suite!“®].

2.4. Numerical modeling of mechanical response

Finite element modeling is performed to simulate the effect of
roughness on the deformation behavior of thin walls. Surface
roughness is represented using Gaussian distributions based
on root mean square (RMS) values!*’!, which are obtained
from the experimental measurements. To capture the role of
microstructural features in the mechanical response, crystal
plasticity finite element simulations were performed using
the OXFORD-UMAT framework!*®!. Crystal characteristics,
including grain boundaries and orientations, were extracted
from electron backscatter diffraction (EBSD) data using the
MTEX toolbox. The finite element mesh was then gener-
ated using the MTEX2Gmsh toolkit!*’! (Figure S2). The total
mechanical deformation gradient can be decomposed into two
parts: the plastic deformation gradient and the elastic deform-
ation gradient, which correspond to the irreversible plastic
slip on active slip systems and reversible stretching and rota-
tion of the crystal lattice, respectively. The power law slip
is employed to compute the slip rates using resolved shear
stress (RSS) as the driving force and critical resolved shear
stress (CRSS) as the threshold for slip!“®]. Then, the Voce-type
hardening is used to evaluate the self-strain hardening rate of
a slip system!*¥!. The parameters used in the simulation are
provided in Table S2.

2.5. Molten pool modeling

The laser additive manufacturing process is simulated using a
finite element model. Before the melting process, the powder
layer was generated by the discrete element method%->!1,
The fluid is assumed to be incompressible, laminar, and
Newtonian. The laser energy is converted into a heat source
with Gaussian spatial distribution when the laser acts on the
powder layer. Consequently, the powder temperature rises and
transfers heat to the surrounding powder area due to the tem-
perature difference. The energy is mainly dissipated outward
using heat conduction and thermal radiation. The equations'>?!
governing mass, momentum, and energy conservation are:

LV (o) =m, (1)

v oo - 5
p<8t+v.vv>:,NZV—VP+MJ-V+F 2

oT
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The Equations (1)-(3) are mass conservation equations,
momentum conservation equations, and energy conservation
equations, respectively, and p, x, u, and P denote the dens-
ity, thermal conductivity, dynamic viscosity, and pressure,
respectively. C, is the specific heat at the pressure, V is the
motion velocity of the laser beam, M, is a mass source, F is
the body force, and Sy represents the source item of the energy
equation’>?!:

Su=—p [;AH+V~ (VAH)} @)

where AH is the latent heat of phase change. The parameters
used in the simulation are provided in Table S3.

2.6. Thermal performance test

The compact cold plates were printed using pure copper
powders. The alumina high-temperature ceramic heating ele-
ment (100 W, 20 mm x 20 mm x 2 mm) serves as the heat
source. Water at 27 °C is selected as the fluid medium and is
conveyed into the cooling plate by the membrane pump at a
volumetric flow rate of 200 mL-min~!. A differential pressure
transmitter (accuracy: £0.1%) measures pressure changes,
while PT100 thermocouples (accuracy: (£0.1) °C) measure
temperature changes. Each parameter is measured three times,
and the average value is recorded as the result.

3. Results and discussion

3.1. Concept of STL-free hybrid toolpath

Figure 1(a) schematically illustrates the toolpath engineering
for the PBF-LB process. In PBF-LB, components are built by
stacking molten pools layer by layer, a process that is directly
influenced by the laser scanning path. To enhance this process,
we developed an STL-free hybrid toolpath strategy tailored
for shell-based microscale lattices, enabling improved shape
fidelity, computational efficiency, and microstructural control.
Figures 1(b)—(e) compare the traditional STL-based toolpath
strategy and our STL-free hybrid path approach (Supporting
information, Movie S1). In the traditional STL-based work-
flow, the R67 strategy, which involves rotating the scan path
by 67° at successive layers, is widely used (Figure 1(b)).
However, for curved thin-wall cellular structures, this gen-
erates numerous short paths that lead to rough surfaces, as
shown in Figures 1(b-iii) and (b-iv). In contrast, our STL-
free hybrid strategy differentiates between thin-wall regions
and wall-joint regions, applying contour scanning to thin-wall
areas and the R67 path only at wall joints. Figure 1(c) demon-
strates how this hybrid approach produces smoother surfaces
and addresses manufacturing challenges in thin-wall and over-
hang regions.

The high-fidelity hybrid path improves dimensional accur-
acy by reducing thickness deviations. Figures 1(d) and (e)

show the cross-section of vertical walls printed with the R67
and hybrid paths. Walls printed using the R67 method exhibit
more significant deviations and boundary fluctuations due to
frequent path rotations and numerous lasers’ start/end points.
In contrast, walls printed with the hybrid path achieve bet-
ter accuracy, with a consistent thickness of (65.3 £+ 4.6) um.
Surface roughness is also reduced threefold (from 9.1 um to
3.2 um) along with a threefold decrease in thickness variation
(from 14.6 um to 4.6 wm, Figure S3). Beyond shape fidelity,
the hybrid toolpath also refines microstructural features. As
shown, crystallographic grains exhibit a more uniform size and
orientation when the hybrid strategy is employed, further con-
tributing to the enhanced mechanical properties of the printed
structures (Figures 1(d-ii) and (e-ii)).

The STL-free hybrid toolpath strategy reduces computa-
tional demands by generating toolpaths directly from impli-
cit TPMS functions. In conventional STL-based workflows,
TPMS surfaces are first triangulated using the marching cubes
algorithm, which has a computational complexity of O(n?),
followed by slicing and path planning operations that collect-
ively lead to an overall complexity of approximately O(n*).
In contrast, the proposed method bypasses 3D triangulation
entirely, directly generating toolpaths from the implicit func-
tions with a computational complexity of O(n?). To quantify
this improvement, a Gyroid-type TPMS lattice was analyzed
under identical conditions (unit cell size: 2.5 mm; resolu-
tion: 0.01 mm), comparing the traditional STL-based approach
(implemented via open-source MATLAB code!**!) with the
proposed STL-free hybrid toolpath strategy (Figure 1(f)). The
proposed method reduced computational demands by over
90% relative to the STL-based technique, which exhibited
exponential improvements in both time and memory consump-
tion as lattice complexity increased (Table S4 and Figure S4).

3.2. One-stop solution: from function to path

The STL-free hybrid toolpath strategy seamlessly bridges
the function-based implicit geometries and scanning paths,
bypassing any STL-related steps to achieve superior compu-
tational capability and efficiency. Our focus is on thin-walled
lattice structures, dividing regions into thin-wall and wall-joint
areas. The toolpath generation process consists of three steps:
direct slicing, region determination, and path generation.

To demonstrate the method, we selected TPMS, a com-
monly used class of implicit function-defined smooth surfaces
(Figures 2(a) and (b)). The geometry is described by a level-
set function ¢ (x,y,z) : R® — R, which defines the 3D surface.
Three types of TPMS surfaces were specified by equations
provided in Supplementary Text 21531, The TPMS sheet mod-
els were created by enclosing two implicit surfaces, defined by
Equation (5).

@(x,y,z) :QS%S(X,)@Z)*CZ (x,y,z) (5)
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1(x,y,2) = (6)

Where ¢g is the governing function for the implicit sur-
faces. ¢ (x,y,z) is the scale value to control the thickness of
the sheet, which can be adjusted independently at the point of
(x,y,2), il is the normal vector of the middle surface at the point
of (x,y,z). The slicing process generates intersection curves or
contours by solving the level-set equation:

® (x,y,2:) =0. @)

Where z; is the z coordinates at the i slicing layer.
Figures 2(a) and (b) illustrate the level-set values and result-
ing contours for given layers. Thin-wall and wall-joint regions

are separated based on the inclination angle of the middle
surface, derived from the normal vector, 7 (x,y,z), as defined
by Equation (6). For areas with an inclination angle below a
threshold, the variable ¢ (x, y, z) remains constant; however, for
higher angles, ¢ (x,y,z) is set to zero, and interpolation gener-
ates a new c-value distribution (Figure S5). Boolean subtrac-
tion is then applied to trim the initial contours (Figure 2(a-ii)),
producing the final scanning regions (Figure 2(a-iii)).

In the next step, scanning paths are generated for both
regions. The contour path is derived directly from contours,
using a high-resolution mesh to represent the geometry with
small line segments. Adjustments to the length of segments
(LS) and line hatch distance (LHD) help mitigate thermal
stresses and reduce unwanted powder sintering (Figure 2(a-
iv)). Shifting path segments between layers minimizes defects
caused by thermal stress accumulation at laser start/end points
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(Figure 2(a-v)). For wall-joint regions, intersection points are
identified by locating zeros of the implicit functions. As shown
in Figures 2(b-iv) and (b-v) based on the scanning direction
and boundary, step sizes are selected to search for line seg-
ments containing zero points. The laser spot diameter is used
as a compensation factor to generate the scanning path.

To showcase the advantages of the STL-free hybrid
toolpath strategy, we designed and fabricated axial, radial
gradient, and hierarchy shell lattice structures (Figures 2(c)—
(e)). Using the Sigmoid function, smooth transitions between
different lattice materials were achieved. Hierarchical struc-
tures were directly generated by manipulating the implicit
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functions, with laser scanning paths derived directly from
these geometries.

3.3. Manufacturability and printing fidelity of microscale
lattices

Fabricating high-resolution microscale lattice structures using
laser additive manufacturing presents unique challenges, par-
ticularly when feature sizes approach the dimensions of the
molten pool. In these conditions, the laser input energy dens-
ity becomes critical in determining the thermal history and
structural integrity of the printed components. Numerical res-
ults show that the hybrid toolpath ensures a stable energy
input with low fluctuations and more uniform temperature
distribution along thin walls (Figure 3(a)). Notably, results
demonstrate that the classical criterion of volumetric energy
input density!>*! is unsuitable for ultra-thin wall structures. To
address this, we introduce the filling ratio of area, FR,, as a

metric to quantify the influence of geometry on energy input
density across successive layers, expressed as:

FR,

_D-}L,
=4 ®

Where D is the molten pool width, measured as (63.8 +2.7)
um, L, is the equivalent length of laser scanning path
(Supporting information, Text 3), and A is the area of the plan-
ning region. The filling ratio directly correlates with energy
input density in thin-wall structures.

We analyzed FR, fluctuations in two thin walls over 1 000
layers using a hatch distance of 40 um and beam compens-
ation of 30 um. For thicker walls, both the R67 and hybrid
paths exhibit comparable filling ratios with minimal vari-
ation (Figure 3(b-i1)). However, when the scanning direction
becomes nearly parallel to the wall, the filling ratio drops.
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Figure 4. Effect of printing parameters on the manufacturing fidelity. (a) and (b) As-printed D-type TPMS lattice structure. (c) Morphology
of as-printed lattices under different toolpath parameters. (d) Effects of SL and LHD on manufacturing fidelity. (e) Effect of the number of
scanning paths on manufacturing fidelity. (f) 3-dimensional deviations. (g) Distribution of wall thickness.

For 70 pwm thin walls, the R67 path exhibits large FR, vari-
ations across layers, with values dropping from 103% to as
low as 1.7% in some layers, compromising structural integ-
rity. In contrast, the hybrid path maintains a consistent FR,
(Figure 3(b-ii)). The corresponding laser scanning tracks of
the R67 path are schematically illustrated in Figure 3(b-iii).
Fluctuations in FR, are particularly pronounced when print-
ing thin, inclined walls, leading to substantial deviations in
wall thickness. For vertical walls, the R67 path results in
deviations 2.3 times greater than those observed with the
hybrid path, with deviations worsening as overhang angles
decrease (Figure 3(c)). While the steady-state model used
in this work clarifies energy density differences between
toolpath strategies, it does not consider transient thermal
effects, such as non-uniform heat accumulation or remelting,
which are driven by dynamic laser scan directions. Notably,
laser absorptivity and molten pool stability are highly sensitive
to scan angles and toolpath continuity. In contour/R67 trans-
ition zones, abrupt changes in thermal boundaries and residual

stress fields may promote defect formation (e.g., microcracks,
porosity) and distortion. In future work, we will integrate tran-
sient thermo-fluidic modeling into the current framework to
quantify these effects in different toolpath strategies.

The effect of path parameters on printing quality is stud-
ied using a D-type TPMS shell lattice with a 2.5 mm cell
size and a 4 x 4 X 4 tessellation configuration (Figures 4(a)
and (b)). Reducing SL and LHD significantly improves sur-
face quality (Figure 4(c)). Large holes appear at LHD = 0 pm
and SL = 400 pm due to inaccuracies in representing curved
contours, particularly in areas with high curvature. Printing
fidelity, «, is evaluated using the relative density (RD) ratio,
defined as: RDpined/RD esigned> Which varies depending on
SL and LHD. The highest RD is achieved at the smallest
SL =5 um and LHD = 0 um, while the lowest RD occurs at the
same SL but with LHD = 120 pm (Figure 4(d)). RD decreases
as LHD increases, with the rate of decrease depending on SL.
The smallest SL (5 wm) shows the steepest decline, attributed
to the reduced line-filling ratio, defined as SL/ (SL+ LHD).
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The number of paths also significantly affects the weight and
RD. A reduced number of paths correlates with lower RD val-
ues, likely due to fewer laser start/end points. This reduction
minimizes the heat-affected zone, thereby limiting the accu-
mulation of excess sintered powder particles (Figure 4(e)).
Micro-CT analysis reveals that the hybrid path produces walls
with an average thickness of (65.3 + 4.6) um, compared to
(75.8 &= 14.6) um for the R67 path (Figures 4(f) and (g)). The
hybrid path also achieves a 68% reduction in thickness vari-
ation, resulting in more uniform wall thickness.

3.4. Superior mechanical performance enabled by toolpath
engineering

The surface roughness of PBF-LB fabricated components,
combined with unique microstructural characteristics, plays
a critical role in determining the mechanical performance
of metallic shell-based lattice architectures. To study this,
finite element modeling (FEM) is performed to simulate
the effect of roughness on the deformation behavior of thin
walls. Surface roughness is represented using Gaussian dis-
tributions based on root mean square (RMS) values!*’l. As
shown in Figure 5(a), increased roughness results in non-
uniform stress distribution, with some regions bearing little
to no load (Figure 5(a-1)), leading to stress concentration and
reduced load-bearing efficiency. For example, at 2.5% macro
strain, high-roughness samples exhibit low-strain regions
(local strain <10% of macro strain) encompassing 16.3% of
the material volume, compared to just 4.1% in low-roughness
samples (Figure 5(a-ii)). Surface roughness critically governs
mechanical behavior, with yield strength declining by 17%
(from 510 MPa to 425 MPa) and effective wall thickness
diminishing by 16% (from 73 pm to 61 pm) as roughness
intensifies from 3 pm to 8 um (Figure 5(a-iii)).

The deformation behavior of thin-wall structures is further
investigated using in-situ synchrotron high-energy X-ray dif-
fraction (HEXRD) under uniaxial tension, providing insights
into the evolution of crystallographic lattices. Figure 5(b)
shows that the hybrid toolpath achieves superior mechan-
ical performance, with higher strength and enhanced ductility
compared to the R67 path. Both specimens initially displayed a
(111) diffraction peak at approximately 5.067°. Under applied
tension, the hybrid toolpath specimen exhibited a uniform pro-
gressive shift of the peak toward lower diffraction angles,
indicating a more homogeneous strain distribution. In contrast,
the R67 path sample shows pronounced peak splitting near
fracture, with two distinct peaks at 5.042 and 5.067 degrees
(Figure 5(b-iii)). This peak separation suggests the presence
of considerably undeformed regions due to the higher surface
roughness and smaller effective thickness for the R67 path
sample. This means the effective thickness of the shell wall
involved in deformation is notably smaller than the measured
value.

Microstructural analysis (Figure 5(c)) elucidates the dif-
ferences between the hybrid and R67 toolpath. The hybrid
toolpath generates a more uniform grain size distribution in

the top view and reduces crystal misorientation in the side
view compared to the R67 path. Despite these differences,
experimental results indicate that both toolpath strategies pro-
duce thin walls with anisotropic mechanical properties (Figure
S6). Specifically, the yield strength along the build direction
remains approximately 15% lower than that along the hori-
zontal direction, irrespective of the toolpath strategy, suggest-
ing that the degree of anisotropy is unaffected by toolpath
engineering. Notably, the hybrid toolpath achieves refined and
uniformly distributed grains, showing an improvement in yield
strength of approximately 10% compared to the R67 path.
Quantitative EBSD analysis reveals that the 53 MPa yield
strength improvement achieved through the hybrid toolpath
strategy stems primarily from grain boundary and disloca-
tion strengthening. By applying the Hall-Petch!3! relationship
and the Bailey-Hirsch*®! model, we attribute roughly 26.2
MPa and 23.7 MPa of this enhancement to grain refinement
and increased dislocation density as the two main strengthen-
ing mechanisms (Supplementary Text 3). Furthermore, crystal
plasticity finite element (CPFE) simulation results further sup-
port these experimental observations, demonstrating that the
hybrid toolpath promotes a more homogeneous strain distri-
bution. This improved strain uniformity reduces stress concen-
trations, thereby enhancing both strength and toughnesst>7->81,

The mechanical property improvements are even more pro-
nounced in TPMS lattice samples, which are highly sensit-
ive to manufacturing defects under tensile loading-unloading
(Figure 5(d)). Both tensile yield strength and ultimate tensile
strength show significant increments via laser toolpath engin-
eering. The hybrid path samples exhibit a yield strength and
ultimate strength of 27.6 MPa and 42.0 MPa, respectively,
significantly higher than the R67 path values of 16.6 MPa
and 18.9 MPa, representing increases of 66% and 122%
(Figure 5(d-i)). Damage evaluation, measured by stiffness
degradation (D = 1 — E/E,, where E is the elastic modu-
lus during loading and Ej is the initial elastic modulus), fur-
ther highlights the hybrid path’s advantages (Figure 5(d-ii)).
Hybrid path samples exhibit much slower damage accumula-
tion, reaching D = 0.2 after 26 loading-unloading cycles, com-
pared to just 7 cycles for the R67 path. Fracture surface ana-
lysis reveals that R67 samples contain numerous voids caused
by surface roughness and defects, accelerating crack initi-
ation and propagation (Figures 5(d) and S7). In contrast, the
hybrid path significantly enhances the durability and fatigue
resistance of the structures by mitigating crack growth (Figure
S8). Importantly, the fatigue performance of lattice structures
is often more sensitive to surface imperfections than to the
bulk parts!'*!. Surface depressions resulting from the rough
as-built surface can act as effective micro-notches, signific-
antly reducing fatigue life, particularly when their dimensions
are comparable to the shell thickness. Under compression-
compression fatigue testing, cracks are frequently observed to
initiate either from internal voids or from surface sites prone
to mode-I cracking!*°!. The improved surface quality achieved
by the proposed strategy is therefore expected to signific-
antly enhance fatigue resistance by mitigating crack initiation
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sites, thereby extending the service life of TPMS lattice struc-
tures. Relevant studies!'*%°1 have shown that surface finish-
ing and defect reduction can lead to substantial improvements
in fatigue performance, underscoring the importance of our
approach for applications requiring long-term durability.

The scalability of the hybrid toolpath was tested by printing
lattice structures with varying cell sizes across a wide range of
RD. Using the Gibson and Ashby framework!%!], the relative
yield strength (¢ /o) and energy absorption capacity (W/oy)
were analyzed for different lattice configurations following the
equations:

o w
Z = Cip— = Cop” ©)
o o

s s

where o is the yield stress of the bulk material, p is the RD of
lattices. The coefficients C and n differ depending on the lat-
tice types, material, or manufacturing method. The hybrid path
consistently outperforms the R67 path, with improvements in
both yield strength and energy absorption, especially at lower
relative densities (Supplementary Figure 9). Thus, it can be
demonstrated that the hybrid strategy achieves feature sizes as
small as 65 pm without compromising mechanical properties.

The mechanical performance of our lattices was compared
with published experimental data and theoretical strength
bounds (Suquet and Voigt upper bound!®?!) for cellular mater-
ials. As shown in Figure S9(b), our lattices achieve 40%—-65%
of the Suquet limit at a large relative density range of 5%—
25%, surpassing prior experimental results by over 35% in
low-density regimes (p < 10%). Conventional methods exhibit
rapid strength degradation in these regimes, with deviations
from theoretical predictions by >80% at p = 5%. This dis-
crepancy likely arises from manufacturing defects (e.g., poros-
ity, surface roughness) that disproportionately compromise the
mechanical integrity of slender truss/shell with high-aspect-
ratio in low-density lattices. Moreover, heat treatment was
conducted to assess its impact on mechanical properties. At
650 °C for 2 hours!®*! (HT-650), yield strength and energy
absorption increased by 3.8% and 10.6%, respectively. In con-
trast, treatment at 950 °C[%1 (HT-950) resulted in decreases
of 10% and 1%. These changes may stem from dispersion
strengthening at lower temperatures and cellular structure dis-
solution at higher temperatures (Figure S10), as extensively
discussed in previous studies!>%64.

While the toolpath strategy demonstrates efficacy with
316L stainless steel, chosen for its good printability and sta-
bility, material-specific constraints may arise. For instance,
difficult-to-print materials like pure copper (high reflectivity,
thermal conductivity) or high-entropy alloys (low ductility,
crack susceptibility) may not achieve comparable resolution.
Additionally, materials sensitive to microstructural anisotropy
could exhibit heightened directional property variations. To
ensure robust mechanical performance and printing quality
across diverse materials, further toolpath parameter optimiz-
ation is required.

4. Applications and validations

Additive manufacturing offers unprecedented design freedom
to fully explore the superior performance of lattice structures.
Here, we highlight some potential applications of microscale
metallic lattice structures in lightweight design and thermal
management—areas that require high resolution and excel-
lent surface finish, where the hybrid toolpath holds its unique
advantages.

In aerospace engineering, reducing component weight
without sacrificing structural integrity is a key design goal.
Lattice-based geometries are particularly well-suited for this
purpose, providing excellent stiffness-to-weight ratios. To
showcase the effectiveness of our hybrid toolpath strategy, we
fabricated the GE bracket, a benchmark case for a lightweight
design, using both the conventional R67 approach and the
hybrid toolpath strategy. The brackets incorporated a TPMS
lattice (unit cell size: 2.5 mm, >1 000 cells) through Boolean
operations!*!1, ensuring the preservation of functional connec-
tion features like screw holes and joints (Figure 6(a-1)).

The hybrid toolpath significantly improves surface qual-
ity, reducing roughness from 8.3 pm to 2.8 yum and minim-
izing porosity in the solid concurrently (Figures 6(a-ii) and
(a-iii)). These improvements translate to superior mechanical
performance, with the bracket achieving a 52% increase in
ultimate tensile strength compared to the R67 path. Toughness
also improves dramatically, with energy absorption before
failure increasing fivefold from 0.32 J (R67 path) to 1.72 J
(Figure 6(a-iv)). This performance boost underscores the crit-
ical role of surface quality in lattice structures, enabled by
precise toolpath engineering. In addition, the hybrid strategy
reduces fabrication time per layer by 38.6%-50% (Movie S2).
This efficiency gain is even more pronounced in microscale
lattices with smaller unit cells.

The hybrid path also excels in thermal management,
essential for industries like high-performance electronics and
energy conversion systems. Fabricating complex heat manage-
ment components, such as cold plates, is often challenging
due to geometric complexity. The hybrid toolpath strategy
addresses this challenge, enabling the production of intricate
freeform lattice structures with superior heat transfer perform-
ance. For example, we fabricated a microscale shell lattice cold
plate from pure copper (25 mm X 25 mm X 6.2 mm, unit cell
size: 1.5 mm, ~1 100 cells). To assess cooling performance, a
100 W heat source was used, with water pumped through the
cold plate (Figures 6(b-i) and (b-ii)). Lattice-based cold plates
utilizing hybrid and R67 paths demonstrate superior cool-
ing performance compared to traditional tube designs, achiev-
ing 60% and 20% higher cooling rates, respectively, despite
slightly higher pressure drops (Figures 6(b-ii) and (b-iii)). This
improvement arises from optimized flow dynamics: intercon-
nected curved channels in TPMS lattices minimize flow stag-
nation via multi-scale fluid redistribution, while vortices dis-
rupt thermal boundary layers'®-¢7!. Enhanced helical flows
circulate heated fluid from walls to the core while drawing
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cooler fluid toward heated surfaces, promoting self-sustaining
thermal mixing!®>-661,

Surface roughness exerts dual effects: heat transfer
increases over surface roughness peaks due to flow impinge-
ment, acceleration, and enhanced conductive pathways, but
decreases in valleys where low-velocity flow thickens thermal
boundary layers!%®]. Overall, heat transfer gains dominate due
to the net positive impact of roughness peaks!%%-%!. However,
roughness elevates pressure drop through the form drag (pro-
jection of roughness elements) and viscous drag (fluid shear
stress)[081

Lattice channels with reduced roughness mitigate these
trade-offs. Their helical flow patterns reduce stagnation zones
and minimize drag, achieving efficient heat transfer with lim-
ited pressure drop penalties. Notably, pressure drop differ-
ences become critical at low flow rates (as evidenced by
the exponent relationship in Figure 6(b-ii)), underscoring the
value of compact lattice designs that tailor flow behavior to
maximize thermal efficiency.

5. Conclusion

This work presents an STL-free hybrid toolpath strategy
that directly converts implicit lattice models into optim-
ized laser scanning paths, eliminating computational bottle-
necks and significantly enhancing mechanical performance.
By bypassing intermediate STL mesh, the method achieves a
90% reduction in memory usage and processing time, while
enabling the high-fidelity fabrication of microscale shell lat-
tices with a 66% increase in yield strength and 257% improve-
ment in elongation. Experimental and numerical analyses
reveal the critical role of surface quality and microstructural
control in governing mechanical behavior, emphasizing the
transformative impact of toolpath engineering. Furthermore,
cyclic loading tests and fracture morphology studies high-
light the potential of this approach for applications demanding
long-term durability. Future work will focus on extending this
strategy toward microstructure-tailored architectures through
spatially graded toolpath modulation, further circumventing



Int. J. Extrem. Manuf. 8 (2026) 015002

Laser additive manufacturing of high-resolution microscale shell lattices...
Ding J et al.

advancing the design and fabrication of next-generation archi-
tected metamaterials.
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