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Abstract. This work advances a temperature-history-informed inherent strain framework (Enhanced
Inherent Strain Method (EISM)) for efficient, part-scale distortion prediction in metal Powder Bed
Fusion - Laser Beam (PBF-LB). A layer-wise, energy-equivalent thermal analysis supplies an aver-
aged temperature history used to modulate the applied inherent strain tensor. To address accuracy
losses near structural transitions (shrink-line-prone regions), two geometry-aware lumping strategies
are introduced: local mesh refinement and partial element activation within a confined height window.
The study focuses on a Bridge benchmark in Ti–6Al–4V, reusing previously published experimental
datasets for validation. Results show that, relative to classical Inherent Strain Method (ISM), EISM
improves the magnitude and shape of as-built deflections; moreover, geometry-aware lump reduction
recovers most of the accuracy of fine uniform lumping at a fraction of its cost. Post-cut top-surface
deflection is captured robustly across cases when the baseline inherent strain is consistent with the
process. Practical guidance is provided on selecting lump sizes and when to deploy local reduction.

1 INTRODUCTION

Metal PBF-LB enables the fabrication of lightweight, topology-optimised components aligned
with Industry 4.0 and sustainability objectives, offering material efficiency and recyclability advan-
tages that have accelerated adoption across aerospace, automotive and healthcare sectors [1], [2].
Despite this promise, rapid thermal cycles, steep temperature gradients and phase changes inherent to
the layer-wise process generate residual stresses and distortions that compromise dimensional accu-
racy and reliability [3].

Physics-based simulation has therefore become central to process understanding and parameter
selection. Among available approaches, the classical ISM, adapted from computational welding me-
chanics [4], delivers practical predictions of part-scale distortion by applying precomputed inherent
strains during layer activation and has seen wide uptake in PBF-LB modelling and software tooling
[5], [6], [7], [8]. However, the commonly used form of ISM assumes a uniform thermal history and
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instantaneous application of the inherent strain upon layer (or lump) activation. In addition, layer-
level ISM based methodologies are sensitive to mesh and lumping choices, limiting performance
near geometric transitions where strong thermal gradients occur [9]. Recent refinements incorporate
temperature-history effects or process-informed inherent strains [10], [11], [12], yet further work is
needed to retain efficiency while capturing local, geometry-dependent behaviour.

Within this context, shrink lines (localised surface notches that emerge due to structural transitions
in the building direction) are a recurrent defect that degrades dimensional accuracy and may impact
fatigue. Recent studies proposed automated, geometry-driven detection of shrink-line-prone transi-
tions and finite-element-based prediction workflows linking overheating to shrink-line depth, demon-
strating measurable dimensional improvements on academic and industrial parts [13], [14]. These
results motivate modelling strategies that remain computationally efficient while being sensitive to
local temperature history and structural transitions.

Building on the previously developed temperature-history-informed ISM framework [15], this arti-
cle consolidates and advances an EISM in which the applied inherent strains evolve with the simulated
thermal history and temperature-dependent material properties. The study introduces two geometry-
aware modelling strategies (localised mesh refinement at transition regions and partial element acti-
vation) to reduce lumping effects and improve the prediction of shrink-line defects. Accuracy–cost
trade-offs and mesh/lumping sensitivities were quantified on a benchmark Bridge case and the ap-
proach was further demonstrated on an industrial-scale Steady Blowing Actuator (SBA), achieving
enhanced localisation of shrink-line defects. However, to meet space constraints and avoid repeating
already published experimental details, the assessment in this paper is limited to the Bridge case.

The remainder of the paper is structured as follows: Section 2 presents the EISM methodology
and geometry-aware lumping strategies; Section 3 summarises the experimental context required for
interpretability, with full procedures detailed in prior work; Section 4 describes the numerical study
design; Section 4 defines the numerical study; Section 5 integrates results and discussion on thermal
evolution, deflection in the as-built state and after partial cut, and accuracy–cost trade-offs; finally,
Section 6 outlines practical guidance and limitations.

2 EISM METHODOLOGY

The Enhanced Inherent Strain Method (EISM) is a sequentially coupled thermo-mechanical analy-
sis at part scale. A part-scale, layer-wise thermal model provides an averaged temperature history that
is then used to adjust the applied inherent strain during the mechanical analysis. The methodology
preserves the computational efficiency of classical ISM while introducing temperature dependence
and geometry-aware control of layer lumping to improve predictions near stiffness transitions in the
build direction (shrink-line-prone regions). A schematic of the data flow is shown in Figure 1.

2.1 Macro-scale thermal analysis

The layer-by-layer macro-scale thermal model follows established part-scale approaches [16]. It
is used to calculate the average temperature-field evolution of the printed domain immediately before
the subsequent (lumped) layer is deposited.

Instead of resolving the moving heat source explicitly, a gradual-heating (equivalent heat input)
strategy is applied over each lumped layer (see Figure 2). Therefore, a time-averaged volumetric heat
source is applied on each lumped layer during an equivalent time step so that the total absorbed energy
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Figure 1: Schematic of the EISM methodology: part-scale thermal history updates the inherent strain
in the mechanical analysis.

matches the real process:

Q̇lumped layer =
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where i is the layer index, n denotes the number of layers in each lump, and tlaser
i and trecoater

i represent
the laser exposure and recoating times for layer i, respectively.

The equivalent time increment for the lumped layer is

∆tlumpend layer =
n∑

i=1

(
tlaser
i + trecoater

i

)
. (2)

This construction preserves energy and keeps the total simulated build time unchanged while
avoiding path-level resolution at part scale.

Time

Figure 2: Equivalent heat-input concept for a lumped layer: energy from the measured laser-on
intervals within the lump is averaged over the full lump time (laser exposure + recoating).

2.2 Mechanical analysis with temperature-informed inherent strain

The mechanical problem is solved assuming small strain kinematics with a linear elastic constitu-
tive model:

∇·σ = 0 , (3)
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σ = C : εe , (4)

εe = εtot − εinh . (5)

The inherent strain εinh collects all non-elastic contributions and is introduced as an eigenstrain. A
precomputed tensor εinh,0 (from experimental calibration [6] or meso-scale simulation [15]) is adopted
as baseline. In classical ISM, εinh = εinh,0 is applied upon activation, independent of T . In EISM,
the applied inherent strain is enhanced by a temperature-history term derived from the macro-scale
thermal solution:

εinh(x, t) = εinh,0 +∆εth(x, t), (6)

∆εth(x, t) =
[
α
(
T (x, t)

)
(T (x, t)− Tref )

]
I, (7)

where α(T ) is the secant coefficient of thermal expansion and Tref the reference temperature. The
baseline εinh,0 already embeds full cooling to Tref ; the additive term in Equation (7) accounts only
for the missing, part-scale thermal deformation during building. As all material points reach Tref ,
∆εth→0.

Additionally, unlike the ISM, the EISM considers temperature-dependent material properties,
leading to different thermo-mechanical behaviour as the process progresses.

2.3 Material deposition and evolving domain

Layer activation follows a birth-death element activation strategy in both analyses. In thermal
steps, inactive elements sharing nodes with active ones are kept at their initial temperature to avoid
spurious gradients. In the mechanical steps, activation strains are applied to ensure stress-free intro-
duction of new elements, preventing artificial residuals at interfaces [17], [18].

2.4 Geometry-aware layer lumping

Layer lumping directly governs the time discretisation through equation (2). The selected lump
size must preserve the validity of the inherent strain assumption [15] while minimising discretisation
errors along the build direction. In addition, the mesh resolution should remain consistent with the
chosen lump thickness. Structural transitions along the build height—such as cross-section growth
or the onset of new features—must be explicitly addressed, as they induce stiffness jumps and are
typically associated with shrink-line formation. These regions can be automatically detected through
geometry-based analyses [13], [14]. Prediction accuracy near such transitions is highly sensitive to
the local lump thickness and reducing the lump size in these areas generally improves the distortion
prediction accuracy associated with shrink-line defects. This observation motivates the introduction
of a variable lumping strategy, as sketched in Figure 3.

Implementing local reductions in lump size requires the activation of smaller subdomains and
the corresponding application of inherent strains. Two practical approaches are proposed. The first
consists of local mesh refinement, which mantains at least one through-thickness element across the
effective lump within transition regions; this is shown in Figure 3a. The second approach involves
partial element activation within a limited height window in order to emulate reduced lumping without
increasing the overall element count; this option is depicted in figure 3b. In the latter case, elements
are progressively activated following a simple mixture rule:

σ = V fC : εe , (8)

where V f denotes the active material volume fraction of the element, and εe represents the ho-
mogenised elastic strain.
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(a) (b)

Figure 3: Geometry-aware variable lumping: (a) local mesh refinement near a stiffness jump,
ensuring at least one through-thickness element per effective lump; (b) partial element activation
within a limited height window to emulate reduced lumping via a volume-fraction mixture rule.

3 EXPERIMENTAL BASIS AND VALIDATION DATASETS

This section provides the minimum experimental information required to interpret the benchmarks;
complete procedures (machine, material, scan strategy, thermocouple installation, path definition and
measurement post-processing) are available in [15], [19].

Geometry and setup. A non-symmetric bridge (see Figure 4) in Ti–6Al–4V was fabricated by
PBF-LB on an SLM 280 HL-class system. The baseplate was preheated to 200◦C and the cham-
ber operated at approximately 50◦C, consistent with the modelling assumptions in Section 2. The
geometry concentrates stiffness transitions at the supports and at the onset of a top block, known
shrink-line-prone regions [13], [14]. CAD, support layout and scan strategy are provided in [15].

Figure 4: As-built non-symmetric bridge on a 150× 150× 24mm baseplate.

Process timing. Layer-wise laser-on and recoater durations were extracted from machine logs.
These measured times were aggregated into lump-equivalent values using Equations (1) and (2) in
order to define the energy-equivalent volumetric source and the lump durations used by the macro
thermal model.

Temperature traces (baseplate). Six K-type thermocouples were embedded in the baseplate
beneath selected locations. The signals were time-aligned to the build timeline and sampled at lump
ends to provide slowly varying temperature histories near the part–plate interface. Positions and
installation details were documented in [15].

Distortion measurements. Two deflection datasets were acquired on the bridge: (i) as-built lon-
gitudinal deflection along a front path before any release, and (ii) top-surface deflection along a trans-
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verse path after a controlled partial release by wire electrical discharge machining (wEDM). Path
definitions, metrology procedures and uncertainty handling are described in [15]. Residual-stress and
SBA-related datasets from prior publications were not considered here to meet the page limit.

4 NUMERICAL STUDY DESIGN

This section defines the Bridge-only plan used in Section 5. The detailed thermal and mechanical
formulations, material data and calibration procedures are documented in the earlier work and are not
repeated here; readers are referred to [15], [19]. Case labels below are reused verbatim in all plots for
consistency.

The numerical study in Table 1 was structured to perform a sensitivity analysis and validation
on the Bridge geometry. Both ISM and EISM were exercised under different mesh resolutions and
lumping strategies. Besides uniform (constant) lumping, two geometry-aware schemes that locally
reduce lump size in stiffness-transition zones were considered: (i) partial element activation and (ii)
local mesh refinement. These cases were selected to quantify accuracy–cost trade-offs.

All cases use Ti–6Al–4V data and the same precomputed εinh,0 as in [15]. “Lump size” denotes
the uniform (base) number of physical layers per lump outside transition regions (cf. Equation (2)).
The term “variable” indicates geometry-aware handling confined to the transition window illustrated
in Figure 3.

This transition window is centred at the support–to–block onset (a shrink-line-prone zone). In the
partial activation option (Figure 3b), each 0.96 mm through-thickness element is activated in sub-
steps using a volume-fraction rule, e.g. V f = {0.25 → 0.50 → 1.00}, scaling both stiffness and
inherent strain with V f . In the local mesh refinement option (Figure 3a), the global 0.96 mm mesh
is replaced locally by 4 × 0.24 mm layers across the transition; activation follows 0.24 → 0.24 →
0.48 mm to emulate reduced lumping while limiting increments.

Table 1: Bridge simulation cases (labels match the figures).

# Case label Method Elem. size (mm) Lumping / Transition handling

01 ISM mesh-024 lump-4 ISM 0.24 Const-4 (uniform)
02 ISM mesh-024 lump-16 ISM 0.24 Const-16 (uniform)
03 ISM mesh-096 lump-16 ISM 0.96 Const-16 (uniform)
04 EISM mesh-024 lump-4 EISM 0.24 Const-4 (uniform)
05 EISM mesh-024 lump-16 EISM 0.24 Const-16 (uniform)
06 EISM mesh-096 lump-16 EISM 0.96 Const-16 (uniform)

07
ISM mesh-096 lump-16-
variable-partialAct

ISM 0.96 Const-16 + partial activation

08
ISM mesh-096 lump-16-
variable-meshRefined

ISM 0.96 Const-16 + local mesh refinement

09
EISM mesh-096 lump-16-
variable-partialAct

EISM 0.96 Const-16 + partial activation

10
EISM mesh-096 lump-16-
variable-meshRefined

EISM 0.96 Const-16 + local mesh refinement
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5 RESULTS AND DISCUSSION

The analysis concentrates on (i) temperature evolution at the baseplate, (ii) longitudinal deflection
in the as-built state along the front path and (iii) top-surface deflection after a controlled partial cut
with wEDM. Accuracy is quantified against the experimental curves from prior work and efficiency
is measured as total CPU time. Unless stated otherwise, case labels match Table 1.

5.1 Temperature evolution at thermocouple locations

The layer-lumped, part-scale thermal model reproduces the slowly varying temperature level ob-
served by the six baseplate thermocouples for all EISM cases. As an example, in Figure 5 the compar-
ison for thermocouples TC-1 and TC-5 locations are plotted. Differences among numerical cases are
small, indicating limited sensitivity to the tested mesh and lumping combinations at the macro scale.
Peak values at local hot spots (e.g., near bridging) are modestly higher for smaller lumps, but these
differences do not materially alter the subsequent mechanical predictions. As expected for a macro
model, high-frequency melt-pool transients are not captured; the averaged thermal history needed by
Equation (7) is nevertheless consistent with measurements.

(a) (b)

Figure 5: Comparison between numerically predicted and experimentally recorded temperature
histories at thermocouple locations: (a) TC-1 and (b) TC-5.

5.2 As-built longitudinal deflection (front path)

As shown in Figure 6, the front-path deflection exhibits two distinct curvatures: a lower curvature
governed by the right support leg and an upper curvature governed by the top block. Uniform-lumping
ISM cases (#01-#03) systematically underestimate the overall profile. In contrast, uniform-lumping
EISM cases improve both magnitude and shape. The fine-lump EISM case (#04) provides the clos-
est agreement, capturing the leg curvature and the upper segment with low bias. The coarser uniform
EISM options (#05-#06) retain the correct upper shape but underpredict the lower curvature, high-
lighting sensitivity to lump size at stiffness transitions.

To mitigate this local error at the support–to–block onset, geometry-aware variable lumping is
applied. The implemented discretisations in the transition window are illustrated in Figure 7, where
the u1 displacement field emphasises how local lump reduction concentrates deformation near the
shrink-line-prone interface. In that figure, Case #04 is included as a fine-lumping reference against
which the variable strategies with coarser global meshes are compared. Both variable EISM strategies
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(#09, partial activation, and #10, local mesh refinement) improve the lower-leg curvature relative
to their uniform counterpart. When the window is confined as in Figure 3, partial activation (b)
avoids adding elements, whereas local mesh refinement (c) reproduces the fine-lump pattern (a) more
explicitly.

(a) (b)

Figure 6: As-built longitudinal deflection along the front path: experiment vs. simulated cases: (a)
methodology and lumping size effect; (b) lumping strategy effect (partial activation / local mesh

refinement).

5.3 Top-surface deflection after partial cut

Following the controlled wEDM cut, the top-path deflection is reproduced consistently across
all cases (Figure 8). This response predominantly reflects the global residual state at the end of
build and cool-down; hence, once the precomputed εinh,0 is consistent with the material and process,
both ISM and EISM capture the shape and magnitude. Variations due to mesh resolution, lump
size, or geometry-aware strategies remain within the experimental repeatability band along this path,
confirming that the main sensitivity to lumping arises locally at stiffness transitions rather than in the
global release measured here.

5.4 Accuracy metrics

Accuracy trends are consistent across the front-path comparisons and are compactly reflected in
the cost–accuracy map of Figure 9. Uniform ISM cases (#01-#03) form the upper band with the
largest errors (high RMSE). Introducing EISM lowers the error at fixed lumping: the uniform EISM
set (#04-#06) shifts downward, with the fine-lump reference #04 attaining the lowest RMSE and
removing the underestimation bias. Crucially, the geometry-aware EISM variants at coarse global
mesh (#09, #10) recover most of the accuracy gain of #04while retaining a 0.96 mm base resolution
away from the transition. This confirms that the accuracy loss for large uniform lumps is dominated by
stiffness jumps and can be mitigated effectively by targeted lump reduction in the transition window.
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(a) (b) (c)

Figure 7: Zoomed views at the support–to–block transition showing the in-plane displacement field
u1 (contours) over the corresponding discretisation: (a) Case #04 (fine-lumping reference), (b) Case
#09 (partial activation) and (c) Case #10 (local mesh refinement). Reduced lumping at the transition
((b)–(c)) emulates the local behaviour of the fine-lump case ((a). For comparability, all panels use

the same u1 range and color scale.

Figure 8: Top-surface deflection along the longitudinal path after partial wEDM cut: experiment
versus simulations for cases #01–#10 (labels as in Table 1).
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Figure 9: Accuracy–cost trade-off for all Bridge cases: RMSE (front-path deflection) vs. normalised
computational cost (core-hours divided by the cheapest case; log scale).

5.5 Computational efficiency

Uniform-lumping comparisons indicate that reducing the lump from 16 to 4 layers increases CPU
time strongly, independent of method, due to the larger number of increments. Enabling EISM
roughly doubles the cost versus ISM because of the additional thermal analysis. Variable-lumping
strategies add only local work: partial activation increases time marginally through extra activation
sub-steps, whereas local mesh refinement increases time through additional elements restricted to
the transition window. Overall, the EISM mesh-096 lump-16-variable-* family offers a
favourable accuracy–cost compromise: near-uniform performance on the top path, improved lower-
leg curvature on the front path, and costs closer to coarse uniform runs than to fine uniform runs. This
pattern supports adopting geometry-aware lump reduction as a default for shrink-line-prone regions.
Figure 9 summarises this trade-off.

6 CONCLUSIONS

A temperature-history-informed inherent strain framework (EISM) was presented for part-scale
distortion prediction in PBF-LB. The approach augments a classical ISM with (i) energy-equivalent
macro thermal histories and (ii) temperature-dependent material properties, while enabling geometry-
aware layer lumping. On the Bridge benchmark, EISM reduces bias in as-built deflection near stiff-
ness transitions and improves agreement after partial release. Computational overhead is moderate
when small lumps are confined to transition regions. Recommended practice is to combine EISM with
variable lumping triggered by geometry analysis, reserving fine lumping for shrink-line-prone zones.
Future work will automate region detection and couple the framework with compensation workflows.
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