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Continuously Varying Data Collection for Machine Learning-based

Milling Cutting Force Prediction
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Continuously variable data collection (<5 714 H|0|E| £~&!)

Accurate prediction of cutting forces in milling is crucial for intelligent machining. However, traditional methods of collecting
discrete data are often time-consuming and can lead to overfitting due to data sparsity. This study introduces a
continuously variable data collection strategy designed to efficiently gather training data for machine learning models. By
linearly varying the feed rate and radial depth of cut along a single tool path, we obtained continuous data that reflect the
variations in machining conditions. Additionally, we applied trigonometric feature transformation to the tool rotation angle to
maintain its periodic characteristics. The collected data were used to train Artificial Neural Network (ANN), Support Vector
Regression (SVR), and Gaussian Process Regression (GPR) models. The results demonstrate that models trained with
continuous data exhibit improved generalization performance under unseen conditions compared to those trained with
discrete data. Furthermore, comparable predictive accuracy was achieved using a subset of the continuous dataset. These
findings suggest that the proposed approach enhances data efficiency in model training and has the potential to reduce the
experimental effort required in developing machining monitoring systems.
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Table 1 Experimental conditions

Cutting condition ~ Exp. 1 Exp. 2 Exp. 3 Exp. 4
Feedrate 300, 375, 300, 375,
[mm/min] 450, 525, 300600 450,525, 300-600
600 600
RDOC [mm] 2,35,5,65,8 2-8
Splr[ll(ils ;I;])eed 6.000
ADOC [mm] 1
Tool Diameter 8 mm, end mill, 2 flutes, WC
Workpiece Al6061

Fig. 1 Image of experiment setup
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Fig. 2 Schematics of the milling experiment: (a) Exp. 1, (b) Exp. 2,
(c) Exp. 3, (d) Exp. 4
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Fig. 3 Data collected from milling experiment 1 to 4
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Cutting Force in X-axis: 6000RPM, 525mm/min, 6.5mm
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Fig. 4 Comparison of cutting force in milling experiment 1, 2, 3,
and 4: (a) Cutting force in x-axis and (b) Cutting force in y-
axis at 525 mm/min in feed rate, 6.5 mm in RDOC, and
6,000 rpm in spindle speed
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Fig. 5 Comparison of averaged resultant cutting force in milling
experiment (a) 1 and 2, (b) 1 and 3, and (c) 1 and 4
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Cutting Force, Fx (N)
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Fig. 6 Cutting force prediction in x-axis at (a) Feed rate: 300 mm/min and RDOC: 3.5 mm, (b) Feed rate: 450 mm/min and RDOC:
3.5 mm, (c) Feed rate: 300 mm/min and RDOC: 5.0 mm, and (d) Feed rate: 600 mm/min and RDOC: 6.5 mm
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Fig. 7 Cutting force prediction in y-axis at (a) Feed rate: 300 mm/min and RDOC: 3.5mm, (b) Feed rate: 450 mm/min and RDOC: 3.5 mm,
(c) Feed rate: 300 mm/min and RDOC: 5.0 mm, and (d) Feed rate: 600 mm/min and RDOC: 6.5 mm
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ANN Model | Exp. 2~4 RMSE: 2.83, Exp.1 RMSE: 22.76
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Fig. 8 Comparison of cutting force prediction of (a) ANN, (b) SVR,
(c) GPR at unseen machining condition: Feed Rate 300 mm/min
and RDOC 2 mm
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Learning Curve: Fx Prediction
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Fig. 9 Learning curve of force prediction from ANN, SVR, and
GPR for data amount in (a) x-axis and (b) y-axis
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This study investigates the ability of mechanical polishing to enhance the surface properties of sculpting clay ceramics
without the use of glaze. To accomplish this, a ceramic tile machining system capable of efficient grinding and polishing
was developed and utilized. Through experiments conducted under various conditions, key processing parameters—
including tool rotational speed, applied pressure, and feed rate—were determined experimentally, resulting in significantly
improved surface quality of the ceramic specimens. Analyses of glossiness, surface roughness, and contact angle
confirmed notable enhancements in surface characteristics after polishing. These results demonstrate that a mechanically
polished surface can achieve quality comparable to, or even surpassing, that obtained through traditional glazing processes,
suggesting the potential to replace conventional glaze coatings with a mechanical polishing approach.
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Table 1 Grinding conditions

Parameters Values
Rotational speed [rpm] 8,000
Feed rate [mm/min] 80
Depth of cut [mm/cycle] 0.1
Tool diameter [mm] 75
Table 2 Polishing conditions
Parameters Values
Rotational speed [rpm] 5,000
Feed rate [mm/min] 50
80 Grit : 6.5
180 Grit : 6.5
320 Grit : 6.5
Polishing pressure [kPa] 600 Grit : 6.5
800 Grit : 5
1,500 Grit : 4.3
2,000 Grit : 3.5
Tool diameter [mm] 50
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Fig. 6 Surface roughness profiles of (a) Raw, (b) Grinded,
(c) Polished and (d) Glazed specimens
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Raw Grinding

Polishing Glazing
(a)
Process As dropped (°) 30s (°) 60s (°)
Raw 30.24 2270 19.10
Grinding 63.67 57.61 53.4
Polishing 84.05 80.10 78.32
Glazing 30.43 24.13 22.57

(b)

-
=]
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T +— Raw
o\._\. +— Grinding
—4— Polishing
—&— Glazing

Degree(°)
ca288888388

As dropped 30s 60s

Fig. 8 (a) Pictures of droplets taken for contact angle analysis,
(b) Table of the results and (c) Graph with standard deviations
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Fig. 9 Water repellency of wettability in (a) Wenzel state and
(b) Cassie-Baxter state
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Fig. 10 The graph of relative height for material ratio according to
each process
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Table 3 Chemical composition of specimens Fig. 12&= 27] AFE] A|H(Fig. 12(a))2} &8|Alo] =34 A|H
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The damping ratio is a crucial modal property that influences the sound duration and acoustic quality of traditional Korean bells.
This study presents a high-precision measurement methodology utilizing non-contact acoustic resonance excitation and lightweight
piezoelectric patches, specifically designed to address the limitations of conventional contact-based methods. Traditional
accelerometers introduce significant errors due to mass loading and cable stiffness; in contrast, the proposed method employs a
lightweight piezoelectric patch combined with selective acoustic resonance to minimize parasitic damping. Specimens with varying
tin and silicon content were fabricated and tested. Verification results indicate that the coefficient of variation for the measured
damping ratio decreased from 24% (observed with the conventional method) to less than 10%, demonstrating improved
repeatability and precision. Notably, the damping ratio reaches a minimum at approximately 13 wt% tin, providing scientific
validation for the potential optimized chemical composition of the Divine Bell of King Seongdeok. Furthermore, the damping ratio
was observed to decrease as the resonance frequency increased from 110 to 245 Hz. This research establishes a technical
foundation for accurate acoustic simulation and the modem restoration of traditional metallic musical instruments.
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Fig. 1 Schematic diagram of decaying vibration signal
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Fig. 3 Two specimen’s configuration and piezoelectric patch
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Fig. 5 Data extraction example for damping ratio evaluation (Top:
Linear scale, Bottom: dB scale)
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Fig. 7 Damping ratio comparison for two measurement methods of
impact hammer test and acoustic resonance test (Spc. 2)
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Fig. 9 Comparison of piezoelectric patch outputs’ frequency
spectrum: impact hammer excitation (upper) and resonance

excitation (lower)
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Fig. 10 Damping ratio comparison of tin bronzes (acoustic
resonance test) (Spc. 3)
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Development of a Gravity Compensation Device for Machining Large
Space Optical Mirrors
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KEYWORDS: Air cylinder (0|01 AJ2I), Load cell (G+& 4dIA]), Feedback (IL|=8Y), Gravity compensator (5= HAH7]),
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Large optical mirrors for space applications require accurate surface evaluation between successive corrective machining
steps. Without proper compensation for self-weight, gravitational deformation can affect the measured surface figure and
thereby reduce the reliability of the machining process. In this study, an air-cylinder-based gravity compensation device was
developed to maintain the target support loads for large optical mirrors. A proportional—integral-derivative (PID) controller
with load-cell feedback was implemented, and the initial gains obtained using the Ziegler—Nichols method were retuned on
the basis of the measured system response. Single-axis experiments showed that the retuned controller met the specified
performance requirements for overshoot, settling time, and steady-state error, even when applied to air cylinders with
different spring reaction forces. The validated control method was then applied, via a sequential multi-channel control
scheme, to a five-axis gravity compensation system to assess its applicability to multi-point gravity compensation. The
experimental results confirmed stable convergence to the target support loads and effective load regulation at steady state,
demonstrating that the proposed system is suitable for the multi-point gravity compensation of large optical mirrors.

Manuscript received: June 15, 2026 / Revised: July 26, 2026 / Accepted: September 18, 2026

NOMENCLATURE D(s) = Transfer Function of PID Controller
s = Laplace Variable

L, T = Time Delay (s), Time Constant (s) r(t), K. = Target Support Load (N), Proportional Gain
F, = Required Gravity-compensation Force at the Support T, T, = Integral Time (s), Derivative Time (s)

Point (N) A, R = Steady-state Value (N), Reaction Rate (N/s)
Fact = Actuator Output Force (N) G(s) = Transfer Function of Plant
Semset = Offset Input Signal for Compensation of Spring Reaction N = Number of Control Channels

Force and Weight of Coupler and Load Cell (V) T, = Overall Control Period of Multi-channel System (s)
Sk = Final Input Signal for Gravity Compensation (V) F,V = Measured Support Load (N), Control Voltage (V)
Sstep = Step Input Signal to Electro-pneumatic Regulator (V) P = Output Pressure of Electro-Pneumatic Regulator (MPa)
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Table 1 Desired performance of the control system
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Fig. 4 Block diagram of the gravity compensation control system
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Fig. 13 Conceptual diagram of the multi-axis gravity compensation
system. (a) System configuration, (b) Channel activation
timing diagram
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Adaptive Thrust Allocation for an Omnidirectional Gimbal System Using
RLS-based Actuator Force Constant Estimation
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KEYWORDS: Omnidirectional gimbal (Fgt| ZIet), Adaptive thrust allocation (HS& F21 £Y),
Recursive least squares (Ri#HA Z|AXESH), Line-of-sight tracking (A[M F=Z)

Omnidirectional gimbal systems use multiple actuators to achieve the desired line-of-sight (LOS) motion through thrust
allocation. However, actuator degradation caused by thermal effects or aging alters the force constants, leading to model
mismatch and diminished torque realization performance. Conventional pseudoinverse-based thrust allocation assumes
constant actuator characteristics and, therefore, cannot effectively compensate for these variations. This paper proposes an
adaptive thrust allocation algorithm based on Recursive Least Squares (RLS) for omnidirectional gimbal systems. The
proposed method estimates the force constant of each actuator in real-time using measured torque and actuator current
data. These estimated force constants are incorporated into the thrust allocation process to address actuator degradation.
Additionally, a weighted thrust allocation strategy redistributes current demand to alleviate the burden on degraded
actuators while maintaining the required torque. The proposed algorithm was validated through MATLAB/Simulink
simulations under conditions of asymmetric actuator degradation. Compared to the conventional pseudoinverse-based
method, the proposed algorithm reduced the torque realization RMSE by 99% and the LOS tracking RMSE by 24.5%.
Furthermore, the weighted thrust allocation decreased the RMS current of the most degraded actuator by 35.8%, all while
preserving torque realization and LOS tracking performance, demonstrating the effectiveness of the proposed method.
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NOMENCLATURE ©® = Estimated Force Constant Vector
W = Weighting Matrix
la- = Desired LOS Vector P = Covariance Matrix
I = Current LOS Vector A = Forgetting Factor
x = Attitude Angle Vector H = Regression Matrix
T.ma= Command Torque Vector J = Inertia Matrix
T.a = Actual Generated Torque Vector ® = Angular Velocity
I = Actuator Current Vector B = Nominal Thrust Allocation Matrix
K, = Force Constant B = Weighted Pseudoinverse Allocation Matrix
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Fig. 1 Configuration of the omnidirectional gimbal system: (a)
Overall system configuration and (b) Arrangement of the
four actuators and payload
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Table 1 Simulation parameters

1 : : : : T T . . :
——RIS #1
Category Parameter Value 1 =T '\\ o o _gng f r
ino ti 09} N — RISi4
Sampling time 0.0001 s 7:; \ N el 1
Simulation Simulation time 10s g 081 \ \ . S :::::i “‘j i
LOS command Cone trajectory § 0.7 \ S S Actual #4
Sl \ i
K 2 = 0.6 \
Controller ’ S \
Ky 4 05} \\‘ .
Forgetting factor (A) 0.99 04r :
RLS Initial parameter [1111] 030 ; i X ) s p . . s 10
Initial covariance 10/ Time (s)
Actuator Number of actuators 4 Fig. 3 Actual and estimated actuator force constants using RLS
Force constant 1.0 (Nominal)
Geometry Moment arm (R) 145 mm Table 2 RMSE of estimated actuator force constants
Motor RMSE
LOS Command Generator Sensor # 0.0012
i X #2 0.0014
o Nl = o - #3 0.0015
B! ::j #4 0.0019
Average 0.0015
Position C Adaptive Thrust A i Plant

Los
(]
Paykad

Fig. 2 Simulink-based simulation block diagram of the proposed

omni-directional gimbal control system
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Table 3 RMSE of estimated force constants according to the
forgetting factor and initial parameter

No. Forgetting Initial RMS]E

Factor (\) parameter (x107)
1 0.98 0.8 1.81
2 0.98 1.0 1.78
3 0.98 1.2 1.84
4 0.99 0.8 1.56
5 0.99 1.0 1.51
6 0.99 12 1.57
7 0.995 0.8 1.69
8 0.995 1.0 1.65
9 0.995 1.2 1.71
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Fig. 4 Comparison of commanded and generated torques during 34 s

Table 4 Comparison of torque tracking RMSE

Method X-axis Y-axis Z-axis Average
Pinv 0.2387 0.2975 0.2857 0.2740
RLS 0.0001 0.0010 0.0012 0.0008
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Fig. 5 LOS tracking response and LOS error comparison

Table 5 Comparison of LOS tracking RMSE

Method RMSE (deg)
Pinv 0.9297
RLS 0.7021
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Table 6 Comparison of RLS and weighted RLS allocation

RLS+
Method RLS Weighted Change
Torque RMSE ~ 7.667 x 10*  7.752 x 10™* +1.1%
LOSRMSE  7.0215x 10" 7.0216 x 10" <0.01%
Total RMS 12.7444 13.0990 +2.8%
current
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The growing complexity of steel manufacturing, loss of veteran operators, and demand for carbon-neutral operation make
tacit operational knowledge increasingly difficult to sustain. Standalone large language models (LLMs) cannot adequately
address terminology mismatch, schema fragmentation, undocumented tacit knowledge, and non-traceable hallucinations in
on-site data. This study proposes a domain knowledge graph-based conversational operation assistant integrating a steel-
process ontology with expert-LLM dialogue. An eight-class ontology is introduced, featuring the UnfilledSlot class to
explicitly represent missing knowledge. A five-phase methodology constructs an initial graph, automatically fills available
slots, prioritizes remaining deficiencies, and generates targeted multiple-choice questions for experts. The completed graph
supports NL2SQL, analysis, explainable Al, and response generation, while operational logs reveal new knowledge gaps.
Applied to a steel continuous casting process with 8,441 slots, automatic filling achieved 62% (5,233 slots), while 600
bundled expert questions resolved 2,702 additional slots, reducing the unfilled ratio from 38% to 6%. Comparisons with a
standalone LLM, retrieval-augmented generation, and an ablation without UnfilledSlot, together with expert evaluations
across three graph-completeness levels, confirm that explicit deficiency handling improves response reproducibility and

traceability.
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1. Introduction
NOMENCLATURE

s = Slot in an Intent/Question Pattern The steel industry is undergoing a rapid explosion of process
- = Acceptance Threshold for Automatic Slot Filling complexity while simultaneously facing the discontinuity of skilled
1] = Indicator Function manpower. In a modern integrated steelworks, hundreds of
o B, v, 5 = Expert-tuned Priority Weights interdependent variables interact across melting, casting, and
C1-C8 = Eight top-level Ontology Classes rolling, and the number of operating conditions that must be jointly
2 = Weights for the Slot-filling Score reasoned about has grown well beyond what any single operator

can hold in mind. At the same time, the judgement rules that

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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determine whether an operation is normal, and the sensory
interpretation of casting phenomena, largely reside in the minds of
veteran operators as undocumented tacit knowledge [1]. As
experienced operators retire and pressures from ESG and carbon-
neutrality intensify, this tacit judgement structure (rather than the
availability of data itself) has become the true bottleneck of steel
operation. The problem is therefore not a shortage of data, but the
discontinuity of the skilled interpretive structure that turns data into
decisions.

Extreme thermal processes such as continuous casting further
aggravate the problem. The core physical state of the process
(internal temperature fields, flow fields, and phase transformation)
cannot be measured directly, so it must be inferred indirectly from
surrounding sensors [2,3]. On-site data are distributed across
heterogeneous systems such as PLC, MES, SCADA, and LIMS,
with inconsistent tags, units, and time references, and the coupling
between process and quality is rarely recorded in an explicit form.
In addition, abnormal, defective, and extreme-condition data are
scarce, and core process data are often restricted from leaving the
plant for security reasons, which limits the amount and diversity of
learnable examples. As a result, the mapping from process
conditions to quality outcomes remains implicit and difficult to
reuse.

Large language models (LLMs) have recently shown strong
natural-language reasoning and question-answering ability [4-6],
which motivates their use as a conversational operation assistant
that lets engineers query plant data in natural language. However, a
standalone LLM cannot by itself resolve four structural barriers
that are intrinsic to industrial operation. First, terminology
mismatch: the same phenomenon is called differently across
departments, lines, and shifts (e.g., “meniscus hunting” = “MdLv
oscillation” = “level instability”’), so without a standard vocabulary
even intent classification becomes unstable. Second, schema
fragmentation: five or more systems use different column names,
keys, and units, and their schemas drift frequently. Third, tacit
knowledge: judgement rules such as “when is a state normal” are
rarely documented and cannot be fully elicited in advance. Fourth,
hallucination and non-traceability: a standalone LLM tends to
assume the existence of non-existent tables or columns and
fabricate SQL, making verification, reproduction, and auditing
difficult.

To address these barriers, this study proposes a domain
knowledge graph-based conversational operation assistant that
couples a steel-process ontology with expert-LLM dialogue.
Rather than attempting to elicit the entire domain in advance or to
audit every generated answer after the fact, the framework

explicitly represents what it does not yet know and lets the LLM

ask experts only the questions that matter. The main contributions
of this paper are threefold: (i) an eight-class ontology whose
distinctive element, the UnfilledSlot class, represents the
deficiency of the graph as an explicit, first-class object; (ii) a five-
phase construction—operation methodology in which the LLM
actively generates prioritized, targeted questions to experts so that
only essential gaps are answered; and (iii) a case study on a steel
continuous casting process demonstrating reproducible and
traceable, field-grounded responses. The remainder of this paper
reviews the background in Section 2, analyzes the structural
limitations of a standalone LLM with a motivating example in
Section 3, details the proposed methodology in Section 4, presents
the continuous casting case study in Section 5, discusses advantages

and limitations in Section 6, and concludes in Section 7.

2. Background and Related Work

2.1 Industrial AI and Tacit Knowledge

Industrial Al has largely focused on predictive modelling for
specific tasks such as defect prediction or anomaly detection [2].
These models achieve high accuracy on their target task but are
difficult to reuse across processes, and they seldom expose the
interpretive rules that connect process variables to quality
outcomes. The interpretive layer, the tacit reasoning of experts,

remains outside the model, which limits generalization and trust.

2.2 Knowledge Graphs and LLM Grounding

Knowledge graphs provide a structured representation of
concepts and their relations and have been widely used to ground
language systems [7,8]. When an LLM is combined with a domain
knowledge graph, terminology can be normalized, database
schemas can be linked explicitly, and generated queries can be
validated against known structures, mitigating hallucination.
Retrieval-augmented generation similarly grounds an LLM in
external knowledge [3]. However, existing industrial knowledge
graphs assume that the required knowledge is already available,
and they provide no mechanism to represent, prioritize, or resolve
the knowledge that is still missing. This study fills that gap by

making deficiency an explicit, actionable class.

2.3 Text-to-SQL and Tool Orchestration

Translating a natural-language question into a database query
(known as Text-to-SQL) has advanced considerably with
sequence-to-sequence and, more recently, LLM-based methods
[9]. Yet in an industrial setting the accuracy of Text-to-SQL is
limited less by the language model than by the ambiguity of the
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schema and the vocabulary: a model cannot generate a correct join
if it does not know which physical column corresponds to a field
term, or which threshold defines a defect. Tool-orchestration
approaches, in which an LLM plans a sequence of calls to external
tools, face the same dependency. The framework proposed here
therefore treats the knowledge graph not as an optional add-on but
as the substrate on which query generation, validation, and tool
orchestration are all grounded, and it treats the resolution of

schema and vocabulary ambiguity as an explicit construction step.

2.4 Positioning of the Proposed Approach

The proposed approach can be positioned at the intersection of
the three research lines above. From industrial Al it inherits the
goal of grounding decisions in plant data, but it externalizes the
interpretive layer that industrial Al usually leaves implicit. From
knowledge-graph research it inherits the structured representation,
but it extends the representation to include the graph's own
deficiencies. From Text-to-SQL and tool orchestration it inherits
the execution machinery, but it removes the schema and
vocabulary ambiguity that limits those methods in practice. The
novelty is therefore not any single component but the closed loop
that connects them: an ontology that describes both what is known
and what is missing, and an active-query mechanism that uses the
LLM to fill the missing part economically. To the best of the
authors' knowledge, representing deficiency as a first-class,
prioritizable class and driving expert elicitation from it has not

been reported in prior industrial knowledge-graph systems.

3. Structural Limitations and Motivating Example

This section analyzes why the four barriers introduced in
Section 1 cannot be overcome by scaling the language model

alone, and illustrates the consequence with a motivating example.

3.1 The Four Barriers in Detail

Terminology mismatch is not a spelling problem but a semantic
one: field expressions, case-based judgements, and unwritten rules
coexist, and a single standard dictionary does not exist. Because
the same slot may be referred to by several field terms, the intent
classifier and the slot resolver both become unstable when the
mapping is missing. Schema fragmentation compounds this: the
SCADA, MES, LIMS, quality, and prediction-result databases
each use different column names, keys, and units, and their
schemas change often, so a query written against one snapshot may
silently break later. Tacit knowledge is the hardest barrier, because

the rules that define normality are case-based and reside in

operators' heads; they cannot all be mined in advance, and
attempting to do so would impose an unrealistic burden on experts.
Finally, hallucination and non-traceability arise directly from the
first three: lacking a grounded schema, a standalone LLM assumes
that a plausible table or column exists and fabricates SQL

accordingly, so the result cannot be reproduced, traced, or audited.

3.2 Motivating Example

Consider the operator question, “Why was meniscus hunting
severe in this cast?” Without a domain ontology, an LLM produces
a fluent but ungrounded answer that merely lists possible factors
and advises checking casting speed, temperature, and pressure. The
question is superficially understood, but the answer is not
connected to any field definition, does not know which database
columns to inspect, and remains at the level of generic explanation.

With a domain ontology, the same question is first interpreted
through the field term (meniscus hunting is recognized as
equivalent to MdLv oscillation), and the relevant variables and
events are automatically linked. The assistant then reports that in the
late stage of this cast the MdLv variability was 1.8 times higher than
in normal casts, that UpperArPress surges and a temporary CastSpd
drop occurred in the same interval, and that the variation was
concentrated right after the ladle change; it concludes that pressure
instability and casting-speed change are the primary causes and
recommends inspecting the Ar-pressure control history and the
nozzle state. The response thus proceeds from interpretation, to data
linkage, to analysis, to an actionable recommendation. The contrast
makes clear that the missing ingredient is not linguistic fluency but
a structured, field-grounded knowledge layer: precisely what the
proposed methodology constructs.

4. Proposed Methodology

4.1 Overview and Ontology Design

The proposed framework organizes domain knowledge into an
ontology of eight top-level classes, summarized in Table 1. Classes
C1-C7 capture the concepts, data schema, executable tools,
constraints, intents, response templates, and evidence needed for
grounded question answering. The distinctive addition is C8,
UnfilledSlot, which represents the slots that could not be filled
automatically. By expressing "what the graph does not know" as an
object (with an identifier, a parent intent, a deficiency type, a
priority, and a generated query), the framework can prioritize
deficiencies and turn them into targeted questions for experts. This
single design decision is what allows the same graph to serve both

as a grounding substrate for question answering and as a self-
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Table 1 Eight top-level ontology classes
# Class Role

Semantic units: process, equipment,

1 D i t . .
c omain / Concep product, section, quality, defect, event

Tables, columns, keys, join paths, units,

(67) DataSchema . .
sampling period, data source

SQL templates, Python analysis,

C3 Execution . . :
visualization, XAl, tool candidates

Required/forbidden/range/format,

C4  Constraint / Policy sandbox, permission, model routing

Intent /
QuestionPattern

Query intent types with required/optional

Cs5
slot structure

Fact-Interpretation-Recommendation

€6 ResponseSchema three-layer response template

Execution results, errors, latency, drift,

C7 Evidence / EventLog user feedback

Missing slot: identifier, parent intent,

8 UnfilledSlot deficiency type, priority, generated query

description of its own limitations.

The classes are connected by typed relations that carry the
domain semantics needed for reasoning. Concept-to-Attribute
relations bind a phenomenon to its measurable variables; Attribute-
to-DataSchema relations bind a variable to its physical column,
key, and unit; Intent-to-Concept relations declare which concepts
an intent operates on; and Event relations such as influence, co-
movement, and increase express how one quantity affects another
over an interval. These relations are what allow the assistant to
move from a field term to the correct columns and then to a causal
interpretation, rather than merely retrieving isolated values. When
a required relation is missing (for instance, when the variable set
that defines a phenomenon is ambiguous), the gap surfaces as an
UnfilledSlot just as a missing value does, so structural and
definitional deficiencies are handled by the same mechanism.

The construction and operation of the graph proceed in five
phases, illustrated in Fig. 1. Phases 1-3 complete the graph, and
Phases 4-5 operate on it; any deficiency discovered during

operation is fed back to Phase 3.

4.2 Phase 1: Semantic Extraction and Initial Graph

In Phase 1, domain materials are parsed by the LLM to extract
instances of the eight classes and to build an initial graph. The
input materials include standard operating procedures (mapped
mainly to Concept and Attribute instances such as slab, charge,
mold, tundish, CastSpd, TdTemp, and MdLv), variable and
abbreviation dictionaries, expected operator question—answer
sheets (mapped to Event and Intent instances such as ladle change,

pressure surge, trend-over-last-N, and normal-versus-current),

Phase 1 Phase 2 Phase 3
Semantic Extraction Automatic Slot TR
15 Graph Structuring Filling Attempt Active Expert Query

Phase 4 Phase 5

Tool Orchestration I Event-Log Feedback
User Feedback

Fig. 1 Five-phase framework: Phases 1-3 build the graph and
Phases 45 operate on it, with deficiency feedback

Analytics, XAl, Visualize

defect case reports (mapped to Relation instances such as
influence, co-movement, and increase), and technical reports,
papers, and manuals (mapped to ResponseSchema instances
following the Fact-Interpretation—Recommendation template).
The resulting initial graph is structurally complete in that every
intent is associated with its required slots, but the value of each slot
may still be empty. This deliberate separation of structure from
value is what allows the framework to reason explicitly about
missing information in the subsequent phases, instead of silently

returning an incomplete or fabricated answer.

4.3 Phase 2: Automatic Slot Filling

Phase 2 attempts to fill each slot automatically through a three-
stage procedure. First, the slot is matched against the database
schema using a combined score of lexical similarity, embedding
similarity, and unit compatibility, as defined in Eq. (1). Second,
candidates are searched in the dictionary and refined Q&A data
prepared in Phase 1. Third, a slot is accepted if its score reaches the
threshold; otherwise, it is registered as an UnfilledSlot (C8) node.

Score(s) = AoxSiex T AempSemp T AunieS

emb®e

unit (1)

Here S lex, S emb, and S_unit denote lexical, embedding, and

unit

unit-compatibility scores, and A are their weights. A slot with
score(s) > 1 is filled; a slot with score(s) < t is left unfilled and
explicitly materialized as a C8 node, so that the graph records not
only what it knows but also what it lacks. For example, the mold-
level slot maps cleanly to the MdLv column because the field term,
its embedding, and its unit all agree, yielding a high combined
score and an automatic fill. In contrast, a slot such as the
comparison-group definition has no lexical or schema counterpart
at all, so its score falls below t and it becomes a C8 node. The
threshold t acts as a deliberate conservatism control: raising it
sends more borderline slots to expert review, trading automation
for reliability. The operating point is therefore selected by an
explicit criterion rather than by convenience. On a manually

verified subset of slots we measured the incorrect-fill rate as a
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function of t and adopted the smallest value at which that rate falls
below 5%. We place the operating point on the conservative side
because an incorrect fill is more damaging than an unfilled slot in
this framework: an unfilled slot is materialized as a C8 node and
resolved through a defined procedure, whereas an incorrectly filled
slot remains unmarked in the graph and propagates into every
response that reads it. The sensitivity of the framework to this

choice is reported in Section 5.8.

4.4 Phase 3: Deficiency Prioritization and Active Expert
Query

Because experts have limited time, the unfilled slots must be
prioritized before they are turned into questions. The priority of a
slot is computed by Eq. (2), which favors slots that are essential,

frequently invoked, reusable, and blocking.
Pri(s) = al[Req(s)] +/31:"(s) + yRe(s)+ OBlk(s) ?2)

Here Pri(s), Req(s), F(s), Re(s) and BIk(s) denote priority,
Required, Frequency, Reuse, and Block scores. The indicator term
rewards required slots, distinguishing a required slot (value 1) from
an optional one (value 0); F(s) estimates how frequently the parent
intent is invoked, inferred from dictionary Q&A and report
frequencies; Reuse(s) measures how many intents share the same
slot, such as a shared "comparison-group definition"; and Block(s)
measures the degree to which the missing slot blocks execution of
the whole intent, taking 1 when it blocks the entire intent and 0.5
when it blocks only part.

The four weights are not tuned independently. Their relative
ordering follows from a single criterion, namely that executability
takes precedence over utilization and utilization over efficiency,
which yields o > 6 > § > v. The indicator term for Required slots
carries the largest weight because a missing required slot renders
its parent intent inexecutable; this is a categorical rather than a
graded consequence, and no degree of frequency or reuse
compensates for an intent that cannot run at all. The Blocking term
is placed immediately below it because it expresses the same
concern while admitting a partial value of 0.5. Were o set at or
above a, a partially blocking optional slot could outrank a fully
blocking required one, contradicting the criterion. The Frequency
term follows because a frequently invoked intent realizes the
benefit of a resolution more often, though frequency governs how
often the benefit accrues rather than whether it can accrue at all.
The Reuse term is smallest because reuse amplifies the efficiency
of an expert answer without affecting executability. What the
framework asserts is therefore the ordering rather than the
magnitudes: any assignment satisfying o > & > 3 > y implements

the same criterion, and the magnitudes allow a plant to adjust the

Table 2 Eight-step tool orchestration pipeline in Phase 4

Step Stage Role

1 Intent classify Identify what the user is asking

2 Slot resolve Extract the key entities in the question

3 Schema lookup  Link entities to real tables and columns

4 SQL Gen + validate Generate the query and check its validity

5 Sandbox execute Run safely without affecting the live DB

Analyze data and explain influential

6 Analysis + XAl .
NAYSIS variables

7 Visualize + response Present results and compose the answer

Record success, failure, latency, and

8 Event log feedback

relative emphasis within that constraint. The configuration (1.0,
0.5, 0.3, 0.7) is the operating point adopted in the case study of
Section 5, and its sensitivity is examined in Section 5.8.

The prioritized slots are then converted by the LLM into
targeted questions that follow five generation principles, designed
so that an expert can answer in a short time. The principles are:
(1) clarify units, so that a question about a threshold specifies
whether it is expressed in degrees Celsius or in another unit; (ii)
prefer a multiple-choice format over an open-ended one; (iii) cite
the supporting evidence, so the expert can confirm or correct the
assumption; (iv) bundle slots that share the same intent or variable
into a single question; and (v) enforce a strict response format such
as JSON, checkboxes, or short sentences. Each principle is
encoded as an explicit constraint in the generation prompt,
so that the principles are enforced rather than merely stated.
A representative generated question for the FlowBias intent asked
the expert to select, from a checklist, which variables should be
used to judge an increase in flow bias—the left-right difference of
UpperArPress, the per-nozzle deviation of PlateArFlow, or the
asymmetry of the In 01-11 and Out 01-11 temperature
distributions—together with an "other" field. This design lets
experts answer only the essential gaps, minimizing their burden

while maximizing the value of each answer.

4.5 Phase 4: Tool Orchestration

Once the graph is completed, Phase 4 answers a natural-language
query through the eight-step pipeline summarized in Table 2. The
steps proceed from understanding the question to delivering a
grounded answer and recording the outcome. Because every step is
grounded in the graph, generated SQL references only tables and
columns that provably exist, execution occurs first in a sandbox so
that the live database is never affected, and each answer is produced

as a Fact-Interpretation—Recommendation three-layer response.
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Table 3 Feedback triggers and graph updates in Phase 5

Trigger Target Mechanism
Query frequency exceeds Promote to a new intent
threshold ©5 Intent template
Repeated Missing- 4 o craint Strepgthen reql.n.red/
column / wrong join forbidden conditions
Repeated variable Correct definition and
. C1Cé6
redefinition response template
C2 Auto-remap columns and
Schema change detected DataSchema join paths

Negative user feedback C6C3 Re-rank template candidates

Repeated failure
/ new intent

Register new slot

C8 UnfilledSlot — Phase 3 feedback

4.6 Phase 5: Event-log Feedback

During operation, Phase 5 monitors success, failure, latency,
drift, and user feedback, and updates the graph when specific
triggers fire, as summarized in Table 3. Crucially, repeated failures
and newly emerging intents register new UnfilledSlot nodes, which
are fed back into the Phase 3 queue. The graph therefore evolves
continuously, and its limitations remain transparently visible rather
than hidden: every new deficiency discovered in operation

becomes a C8 node and re-enters the construction loop.

4.7 Response Generation with a Three-layer Schema

Every answer produced in Phase 4 follows the ResponseSchema
class (C6), which enforces a three-layer structure: Fact,
Interpretation, and Recommendation. The Fact layer states only
what the validated query returned, for example the measured
variability of the mold level in a given interval relative to a normal-
cast baseline. The Interpretation layer relates those facts to one
another and to the field concepts, for example noting that the
elevated variability co-occurs with a pressure surge and a casting-
speed drop. The Recommendation layer proposes a concrete,
bounded next action, for example inspecting a specific control
history. Separating the three layers keeps the factual content
auditable and prevents the interpretive or advisory content from
being mistaken for measured data: a common failure mode of an
unconstrained LLM. The schema also makes the response format
predictable, which in turn allows the event-log in Phase 5 to
attribute any user dissatisfaction to a specific layer and to re-rank
the response templates accordingly.

Because the response is assembled from graph-grounded slots
rather than free-form generation, two properties follow directly.
First, the same question resolved to the same slots always produces
the same SQL and therefore the same Fact layer, giving

reproducibility. Second, the provenance of each layer (Ex. the slot,

the SQL template, and the expert answer that filled any ambiguous
slot) is recorded, giving traceability. These two properties are

precisely the ones a standalone LLM cannot guarantee.

4.8 The UnfilledSlot Lifecycle

The UnfilledSlot class ties the five phases together into a single
loop, and understanding its lifecycle clarifies how the framework
behaves over time. A C8 node is created whenever Phase 2 fails to
fill a slot with sufficient confidence, or whenever Phase 5 detects a
repeated failure or a newly emerging intent. Once created, the node
carries the metadata needed to act on it: an identifier, the parent
intent it belongs to, the type of deficiency, a priority computed by
Eq. (2), and, after Phase 3, the generated query. The node is then
queued for the active-query procedure; when an expert answers,
the corresponding slot value is written into the graph, the
provenance of the answer is stored, and the C8 node is retired. If
the same deficiency recurs later (because the schema drifted or a
new intent reused the slot), a fresh C8 node is created and the cycle

repeats.

4.9 Deployment Considerations

Deploying the framework in a real plant requires several
engineering conditions to be met. In terms of data requirements,
the target databases must expose read access to the process, quality,
and event tables referenced by the DataSchema class, and their
sampling periods must be recorded so that time alignment is well
defined. In terms of preprocessing, unit normalization and
window-based aggregation are applied before slot filling, because
raw tags differ in unit and cadence across systems. In terms of
hyperparameters, the acceptance threshold t of Phase 2 and the
weights (o, B, v, 8) of Phase 3 are the principal tuning knobs, and
the criteria by which they are set are given in Sections 4.3 and 4.4.
In terms of system constraints, SQL execution is confined to a
sandbox with read-only permissions, and model routing and access
are governed by the Constraint class. Operational policies specify
who may answer which expert questions and how conflicting
answers are escalated.

A further operational question is when the active-query loop of
Phase 3 should terminate. Because the priority function places the
most consequential slots first, the marginal benefit of an additional
answering round declines monotonically, and continuing to query
experts past that point spends their time on slots with the least
operational impact. We therefore define a stopping criterion in
terms of the marginal reduction of the unfilled ratio: the loop is
terminated at the first round in which that reduction falls below a
specified threshold, after which the system transitions to the

operation phase. The residual deficiencies are not abandoned but
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Table 4Implementation environment of the case study

Create C8 Node
(hE o, ‘ Prioritize & A
priority, query) Generate Query

[ Retire C8 Node ‘] [ [l ]
Recurs on schemo drift Provenance

Fig. 2 Lifecycle of an UnfilledSlot (C8) node, from detection
through expert answering to retirement and possible
recurrence

deferred to the Phase 5 feedback loop, which re-registers a slot as a
C8 node when operation actually encounters it. This routes expert
effort only to deficiencies whose demand has been demonstrated,
rather than pre-emptively to low-frequency slots. Section 5.3
reports the saturation round observed in the case study and the

composition of the slots that remain at that point.

4.10 Implementation Environment

This section reports the configuration under which the case
study of Section 5 was conducted, so that the results can be
reproduced. Table 4 summarizes the environment. Semantic
extraction (Phase 1) and question generation (Phase 3) were
performed with OpenAl GPT-4o at a temperature of 0.2 and a top-
p of 0.9, with a maximum output length of 8,192 tokens. The low
temperature reflects that both stages require schema-conforming
structured output rather than diverse generation. The model was
accessed through an internal enterprise API gateway inside the
corporate network. Because the case study uses proprietary plant
data, we state explicitly which categories of data were transmitted:
schema metadata, canonical terminology, and document text
approved for external processing, with no raw process
measurements leaving the corporate environment. Requests pass
through an OpenAl-compatible abstraction layer so that the model
can be replaced without modifying the pipeline, which also allows
the same experiment to be repeated with a different model.

The embedding similarity term of Eq. (1) is computed with text-
embedding-3-large, which produces 3,072-dimensional vectors.
Korean field terminology is canonicalized through the Phase 1
terminology and abbreviation dictionary before embedding, so that
variants such as “?? ??”” and "MdLv oscillation" are embedded as the
same canonical term; this is the mechanism by which the
terminology-mismatch barrier of Section 3.1 is addressed at the
representation level. The ontology and its instances are stored in
Neo4j 5.26 LTS, and the completed graph comprises 60,430 nodes
and approximately 88,445 relationships, consistent with the per-class
instance counts of Table 7. Slot resolution in Phase 4 uses a hybrid
index combining the Neo4j full-text and graph indexes with a
PostgreSQL B-tree index and a vector similarity index. The slot

Component Specification

Language model OpenAl GPT-40

temperature = 0.2, top-p = 0.9,

Decoding parameters max tokens — 8,192

Internal enterprise API gateway; no raw

Hosting .
process measurements transmitted
Interface OpenAI—compa.tlble REST API
abstraction layer
Embedding model  text-embedding-3-large, 3,072-dimensional

Canonicalization via Phase 1 dictionary

Korean term handling prior to embedding

Graph database Neo4j 5.26 LTS

Graph scale 60,430 nodes, approx. 88,445 relationships

Neo4;j full-text/graph + PostgreSQL B-tree

Slot-resolution index A
+ vector similarity

PostgreSQL 16 (slot registry, C8 queue,

Relational store
provenance, event log)

Vector store pgvector 0.8

Operating system Ubuntu 22.04 LTS (64-bit)

Containerization Docker Compose v2, 5 containers

registry, the C8 queue, the provenance records, the version history,
and the Phase 5 event log are held in PostgreSQL 16, with
embeddings indexed in pgvector 0.8. The separation is deliberate: the
graph holds the semantics and their provenance links, whereas the
relational store holds the operational records appended at high
frequency during operation. The system is deployed as five containers
orchestrated with Docker Compose v2 on Ubuntu 22.04 LTS.

5. Case Study: Steel Continuous Casting

5.1 Process and Variables

The framework was applied to a steel continuous casting
process, in which liquid steel flows from the ladle through the
tundish and mold and solidifies into a slab across the segments, as
shown in Fig. 3. The relevant variables were grouped into process
variables (e.g., CastSpd, TdTemp, MdLv, LdWgt), gas and
pressure variables (e.g., UpperArPress, PlateArPress, PlateArFlow),
FlowGrade, mold
temperatures In/Out 01-11), and operational events (e.g.,
LadleChange, TundishRefill, NozzleClogging).

quality indicators (e.g., defect grade,

5.2 Dataset and Preprocessing
The knowledge graph was grounded in a real continuous casting

dataset collected over 24 months, from January 2023 to December
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Table 5 Dataset, domain materials, and expert panel

Item Value
2023.01 —2024.12 (24 months)
Approx. 7.2 million

Collection period

Time-series records

'y Surface Treatment - Slabs 25,620 (19,153 normal
e & g9 . ‘z T oeleat / 6,467 defective, defect_grade > 3)
> ’ —_ S R &
o vV v v v v . . Approx. 50 (process, gas-pressure,
- y—— & Operational variables .
Continuous Casting L‘ Post Processing ‘/,4 Rolling quahty, mold temperature)
— Sampli d Process/SCADA: 1 s; quality/event:
Process Quality Events amping cadence event-based
S AU T Ladle Change, Tundish Domain documents 84 documents, approx. 1,250 pages

Mold Level, Ladle Weight,
etc.

Defect grade,
Flow grade, etc.

Refill, Nozzle Clogging, etc.

Fig. 3 Continuous casting process and representative variable groups
used to instantiate the ontology

2024. The dataset comprises approximately 7.2 million time-series
records covering 25,620 slabs, of which 19,153 were classified as
normal and 6,467 as defective under the defect-grade threshold of
> 3. We state this threshold here because it is itself one of the slots
resolved by the active-query procedure of Section 5.4: the labelling
of the dataset rests on a value the framework obtained from an
expert rather than assumed a priori. To capture the molten-steel
flow pattern that is otherwise unobservable, multiple
thermocouples were installed at equal intervals inside the mold
copper plates, providing the In 01-11 and Out 01-11 temperature
channels; this arrangement allowed the flow pattern and the
associated defect patterns to be visualized and analyzed. The final
dataset comprised approximately fifty operational variables
(operating plans, operating conditions, and mold temperatures),
structured as time series and organized under the Attribute class of
the ontology. Process and SCADA variables were recorded at a
one-second cadence, whereas quality and event data are event-
based rather than periodic. Section 4.9 requires sampling periods to
be recorded so that time alignment is well defined, and the same
requirement applies here: the window-based preprocessing
described below aggregates variables over intervals, and an
interval length is interpretable only relative to the underlying
cadence.

A key preprocessing step reconciled the spatial reference
between quality and process data. Surface-defect locations
obtained from post-rolling images were converted back to the
corresponding slab lengths before rolling, so that each defect could
be aligned with the process variables that produced it. To minimize
the error introduced by this length conversion, a window-based
preprocessing was applied, aggregating variables over intervals
rather than at single instants. These steps ensured that the
DataSchema (C2) and Concept (C1) instances referenced by the

Expert panel 6 experts, 826 years of field experience

Panel composition Casting operation, quality, and equipment

graph corresponded to physically meaningful, correctly aligned
quantities, which is a precondition for the grounded question
answering demonstrated in this section.

The materials supplied to Phase 1 comprise 84 documents
amounting to approximately 1,250 pages, consisting of standard
operating procedures, variable and abbreviation dictionaries,
expected operator question-answer sheets, and defect case reports.
We report the document base explicitly because the quality of the
initial graph depends directly on the primary materials, as noted in
Section 6.2, and a reader should be able to judge whether the
automatic filling ratio reported below was obtained from a rich or a
sparse base. Table 5 summarizes the dataset, the materials, and the

expert panel that participated in Phase 3.

5.3 Graph Instances and Slot-filling Result

Parsing the domain materials produced a large initial graph.
Representative instance counts per class are listed in Table 7; the
completed graph contained about 60,000 class instances,
dominated by the Attribute and Concept classes that carry the
process variables and their physical meanings. A class instance and
a slot are distinct quantities, and we distinguish them explicitly
because conflating them would make the ratios reported below
difficult to interpret. A slot, as defined in Section 4.2, is a value
position attached to an intent; the 4,496 Intent instances give rise to
8,441 instantiated slots, an average of 1.9 per intent, which is
consistent with the required-slot structures listed in Table 8. The
filling ratio is defined as the number of slots whose value is non-
empty divided by the total number of instantiated slots, and every
percentage reported in this paper is computed on that denominator.
Of the 8,441 slots, 6,331 are required and 2,110 optional. Phase 2
filled 5,233 slots automatically, corresponding to 62%, and

registered the remaining 3,208 as C8 nodes, corresponding to 38%.
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Table 6 Slot accounting for the continuous casting case study

Stage Slots Ratio [%]

Total instantiated slots 8,441 100.0
Required 6,331 75.0

Optional 2,110 25.0

Phase 2 automatically filled 5,233 62.0
Phase 2 unfilled (registered as C8) 3,208 38.0
Phase 3 resolved by expert answers 2,702 32.0
Residual unfilled at saturation 506 6.0
Bundled questions put to experts 600 —
Slots resolved per question 4.5 —

Table 7 Representative graph instance counts by class

Class Count Representative instances
Concept 14,309 Heat, Cast, Strand, Slab, Mold, Tundish
. CastSpd, TdTemp, MdLv, LdWgt,
Attribute 38,491 In/Out 01-11
Event 2.593 LadleChange, TundishRefill,
PressureSurge
StateCheck, TrendQuery,
Intent 4,496 FeatureAttribution

NumericSummary, TrendInterp,

ResponseSchema 541 CauseCandidate

Table 8 Representative intents and their required slots

Intent Required slots
StateCheck

target section, variable, normal range

TrendQuery target cast, variable, time window

NormalVsDefectCompare comparison-group definition, variable

PredictionExplain target cast, defect-grade threshold

FlowBias bias-decision indicator, threshold

Phase 3 resolved 2,702 of those through expert answers, leaving
506 unfilled, corresponding to 6%. Table 6 reports the accounting
in full.

The trajectory of the slot-filling process is shown in Fig. 4,
which plots the unfilled-slot ratio against the number of expert-
answering rounds. Each round comprised approximately 60
bundled questions distributed across the six experts, roughly ten
questions per expert per round, so that the 600 questions in total
correspond to the rounds shown. Under the priority order of Eq. (2)
the ratio drops sharply in the first rounds and then flattens, falling
from 38% (3,208 slots) to 6% (506 slots). Applying the stopping
criterion of Section 4.9, saturation is reached at round 7, where the
marginal reduction first falls below one percentage point; the
marginal reduction was 11.2 percentage points at round 1 and 0.6

at round 7, and beyond that round the residual remains close to 506
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Fig. 4 Reduction of the unfilled-slot ratio as prioritized slots are
answered, compared with a random answering order. The
random-order curve is the mean over 50 permutations; error

bars denote one standard deviation. (a) Unfilled-slot ratio,
(b) Absolute number of unfilled slots

slots. For comparison, the random-order condition was evaluated
over 50 independent permutations of the same 600 questions,
preserving the resolution dependencies recorded during the case
study, so that both curves in Fig. 4 derive from measured expert
answers rather than from simulation. The random order reduces the
ratio far more slowly, requires almost all questions to be answered
before reaching the same level, and exhibits no saturation over the
interval examined; the difference between the two conditions at the
saturation round is statistically significant. This contrast is the
central quantitative evidence that a small number of high-priority
slots accounts for most of the improvement, and that prioritization,

not merely the volume of expert answers, is what makes the active-
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query loop economical.

The 600 questions resolved 2,702 slots, an average of 4.5 slots
per question. Two mechanisms account for this ratio, and both are
intended rather than incidental. First, questions are bundled: by the
fourth generation principle of Section 4.4, slots sharing an intent or
a variable are combined into a single question, so one interaction
addresses several slots at once. Second, a resolved slot propagates:
a single answer to a shared slot resolves it wherever it is
referenced, as with the defect-grade threshold discussed in Section
5.4. This is the effect that the Reuse term of Eq. (2) is designed to
reward, and it is why the reduction from 38% to 6% is achieved
within the small number of rounds shown in Fig. 4.

The composition of the 506 slots that remain at saturation
explains why the curve flattens rather than reaching zero. The
residual set is dominated by optional slots, by slots belonging to
intents whose estimated invocation frequency falls in the lowest
quartile, and by slots for which no standard definition exists in the
field and on which the expert panel did not converge. Required
slots belonging to frequently invoked intents are almost entirely
resolved by the saturation round. A fourth group is distinct in kind
from the other three: these slots remain not because they are
unimportant but because they lie outside the reach of a single
question. Question generation presupposes a form an expert can
answer briefly, whereas some slots cannot be reduced to a value or
a choice and require supplementary domain materials (equipment
drawings, the revision history of an operating standard, or case data
spanning several processes) to be settled. Demanding an
immediate answer for such a slot degrades rather than improves the
reliability of the response, and in the case study questions of this
type tended to be deferred, mirroring the observation in Section 5.7
that open-ended questions were deferred. These slots are therefore
properly handled by a separate material-collection procedure rather
than by repeated querying. Saturation is accordingly not a loss of
effectiveness but the intended consequence of the priority function:
what remains is, by construction, either of least operational impact
or beyond the reach of the elicitation mechanism.

The Intent class instantiated for this domain covers the question
types that operators most frequently ask. Table 8 lists
representative intents together with their required slots; the
required slots are precisely the ones whose absence triggers an
UnfilledSlot, which is why several of them recur as the unfilled

slots discussed in Section 5.4.

5.4 Representative Unfilled Slots and Expert Query
The active-query phase involved six domain experts whose field
experience ranges from 8§ to 26 years and who cover continuous-

casting operation, quality, and equipment. The case study surfaced

several representative unfilled slots, each arising from a genuine
ambiguity in the field rather than from missing data. Examples
include the absence of a standard definition of the comparison
group, the temporal definition of the late-cast segment (variously
taken as the last 20%, the last 30%, or a fixed number of minutes),
and the defect-grade threshold that mixed > 2 and > 3. These are
exactly the required slots whose absence blocks an intent, as noted
in Section 5.3. Following the priority computed by Eq. (2), the
highest-priority slot for the PredictionExplain intent, the defect-
grade threshold, was converted by the LLM into a bundled
multiple-choice question. The question asked the expert to choose
the default threshold at which a slab is regarded as defective,
offering the options defect grade >2,> 3, and > 4 together with an
“other” field, and citing the mixed usage as evidence.

The expert selected defect grade > 3, and this default was fixed
in the graph. Because the same threshold is reused by several
intents, a single answer resolved multiple downstream ambiguities
at once. Repeating this targeted procedure over the prioritized slots
reduced the unfilled ratio from 38% to 6%, and every filled value
carries a record of which expert answer set it, satisfying the
traceability requirement.

The FlowBias intent illustrates the same mechanism for a
structural rather than a threshold ambiguity. Its bias-decision
indicator slot could not be filled automatically because several
variable combinations were plausible: the left-—right difference of
UpperArPress, the per-nozzle deviation of PlateArFlow, and the
asymmetry of the In/Out 01-11 temperature distributions. The
generated question presented these as a checklist so that the expert
could select the intended combination in a single interaction. Once
answered, the FlowBias intent became executable, and the same
indicator definition was reused wherever flow asymmetry was
queried, again amplifying the value of one expert answer across the

graph.

5.5 Worked Example of the Operation Pipeline

To make the operation phase concrete, consider the query "why
did the recent cast have many defects?" resolved to the
PredictionExplain intent. In the Intent Classify step the question is
mapped to PredictionExplain; in Slot Resolve the target cast is
bound from the session context and the defect-grade threshold is
read from the graph value (> 3) fixed earlier by the expert. Schema
Lookup links the abstract slots to concrete columns: the defect
table keyed by slab length, and the process tables for MdLyv,
UpperArPress, and CastSpd. SQL Gen + Validate then produces a
query that joins these tables over the aligned time window, and the
validator confirms that every referenced column exists in the

schema.
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Fig. 5 Expert ratings at three levels of graph completeness (62, 78,
and 94%). Six domain experts rated responses to a common
set of 120 queries on a five-point scale, blind to condition and
in randomized order. Error bars denote one standard deviation
across raters

In Sandbox Execute the query runs against a read-only replica,
returning the per-interval statistics without touching the live
database. Analysis + XAl computes the relative variability against
the normal-cast baseline and attributes the elevated defect rate to
the late-cast interval following the ladle change. Visualize +
Response renders the interval chart and composes the Fact-
Interpretation-Recommendation answer. Finally, Event Log
records the latency, the success status, and any user feedback.
Every intermediate artifact (the resolved slots, the validated SQL,
and the attribution) is retained, so the same query can be
reproduced and audited later. This end-to-end trace (Fig. 7)
illustrates why grounding the pipeline in the graph, rather than
relying on free-form generation, is what delivers reproducibility

and traceability in practice.

5.6 Effect of the Domain Ontology

The value of the completed graph is best seen by comparing
responses with and without the ontology, as introduced in Section
3.2. Without it, the question “why was meniscus hunting severe in
this cast?” receives only a generic answer that lists possible factors,
because the field definition of the term is missing, the relevant
database columns are unknown, and the answer is not linked to real
data. With the completed ontology, the same question is interpreted
through the field term (meniscus hunting = MdLv oscillation), the
relevant variables and events are automatically linked, and the
answer reports that late-cast MdLv variability was 1.8 times higher
than in normal casts, coinciding with UpperArPress surges and

CastSpd drops after a ladle change, together with a concrete

Intent Slots
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_ MdL, Lawgr,
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5Q87165_041 Mold Out Temp (01-06-11)
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Fig. 6 Four-layer use-case subgraph for the PredictionExplain query:
intent and slots, grounded concepts and attributes, the physical
DataSchema mapping, and the tool-execution pipeline from
SQL validation through prediction, XAI attribution, and
response generation.

‘ Ladle Change

defect_grade 23

Require{Expert answer)

recommendation to inspect the Ar-pressure control history and
nozzle state. The response thus proceeds from interpretation to data
linkage to actionable recommendation, and because it is generated
from fixed slots and validated SQL, the identical question yields
the identical, auditable answer on repetition.

Beyond the single comparison above, we examined whether
answer quality improves systematically as the graph becomes more
complete. Beyond the single comparison above, we examined
whether answer quality improves systematically as the graph
becomes more complete. Three graph states were compared: the
Phase 2 output at 62% completeness, the graph after the third
prioritized answering round of Fig. 4 at 78%, and the completed
graph at 94%. Defining the intermediate condition by a specific
round makes it reproducible. The assistant was run on the same
common query set of 120 queries used for the controlled
comparison of Section 6.3, giving 3 x 120 responses. The six
domain experts of Section 5.4 rated each response independently
on a five-point scale along three axes (factual accuracy, usefulness,
and sufficiency of evidence) with responses presented in
randomized order and raters blind to the condition. Averaged over
the three axes, the mean rating rises from 2.20 £ 0.57 at 62%
completeness, through 3.43 + 0.48 at 78%, to 4.50 £ 0.32 at 94%,
and the difference between the extreme conditions is statistically
significant. Fig. 5 reports the ratings. The largest gain falls in the
interval over which the high-priority definitional slots are
answered, which is the same interval in which the unfilled ratio
drops most steeply in Fig. 4 and is consistent with the observation
in Section 5.7 that the deficiencies most degrading answer quality
were definitional rather than model-related. One limitation of this
evaluation should be stated alongside its result: the raters are the

same experts who answered the active queries, since they are the
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(b)

(b)

Fig. 7 End-to-end operation example for the PredictionExplain intent
on slab. Given the query "Assess the defect likelihood of the
recently cast slab and, if defective, explain the contributing
causes", the assistant (a) returns a grounded answer reporting
the defect prediction with per-model confidences and the top-
five contributing features, (b) generates a traceable
interpretation  attributing  the  temperature-distribution
distortion to flow imbalance rather than a cooling fault, and
(c) supports the interpretation with the underlying process
data: defect likelihood, ladle weight, and mold level across
three casts, with the IN/OUT mold-temperature profiles at
positions 01-06—11.

personnel with the required field experience at this site. We
therefore restrict the claim to the relative ordering of the three
conditions rather than to the absolute values, and Section 6.2
identifies evaluation by raters independent of the construction
process as the appropriate next step.

The end-to-end operation of the framework on a single query is

summarized in Fig. 6, which traces the PredictionExplain intent
from its required slots, through the grounded concepts, attributes,
and physical DataSchema, to the tool-execution pipeline that
produces the final three-layer response. The diagram makes
explicit how a field term is resolved to a physical column and how
the expert-set defect-grade threshold is consumed by the prediction
and response tools, so that every step of the answer remains

grounded and traceable.

5.7 Operational Observations

Two observations from the case study support the design
choices of the framework. First, the reuse of slots across intents
amplified the value of each expert answer: because the defect-
grade threshold is shared by the

NormalVsDefectCompare, and AnomalyDetect intents, a single

PredictionExplain,

expert decision resolved ambiguity for all three, which is exactly
the effect the Reuse term in Eq. (2) is meant to reward. Second, the
deficiencies that most degraded answer quality were definitional
rather than model-related: what counts as the comparison group,
the late stage, or a defect. This confirms the premise of Section 3
that the limiting factor in an industrial conversational assistant is
the field-grounded knowledge layer rather than the fluency of the
language model, and it explains why targeting a small number of
high-priority ~definitional slots produced a disproportionate
reduction in the unfilled ratio. A third observation concerns the
questions the LLM generated: bundling slots that shared an intent
or a variable, and offering multiple-choice options with cited
evidence, kept each expert interaction short, which was essential
for securing expert participation in a busy operating environment.
Poorly phrased or open-ended questions, by contrast, tended to be
deferred, underscoring that the phrasing of the active query is as

important as the prioritization that selects it.

5.8 Sensitivity Analysis

The acceptance threshold t of Phase 2 and the priority weights
of Phase 3 are the principal tuning knobs of the framework, and
Sections 4.3 and 4.4 state the criteria by which each was set. This
section quantifies how far the reported results depend on those
choices. Fig. 8(a) reports the automatic filling ratio, the proportion
of slots routed to expert review, and the incorrect-fill rate across the
range of t. The trade-off that Section 4.3 describes qualitatively is
visible directly: raising t lowers the incorrect-fill rate but transfers
more slots to the expert queue. The adopted operating point is
marked together with the 5% incorrect-fill criterion that
determined it, so that a reader applying a different criterion can
identify the operating point it would select.

Fig. 8(b) compares the adopted weight configuration against
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Fig. 8 Sensitivity analysis of the two principal tuning parameters.
(a) Trade-off between the automatic filling ratio and the
incorrect-fill rate as the acceptance threshold t of Eq. (1) is
varied; the adopted operating point (t = 0.70) and the
5% incorrect-fill criterion that determined it are marked.
(b) Number of bundled expert questions required to reach the
target unfilled ratio under the adopted weight configuration,
under uniform weighting, and under ablated variants in which
each term of Eq. (2) is removed in turn. Error bars denote one
standard deviation

uniform weighting and against ablated variants in which each term
of Eq. (2) is removed in turn, reporting for each the number of
bundled questions required to reach a target unfilled ratio.
Removing the Required term degrades the outcome most severely,
followed by removal of the Blocking term, which is the pattern that
the ordering principle o> & > § > v predicts; uniform weighting, in
which the criterion is not expressed at all, requires substantially
more questions than the adopted configuration. We read this as

evidence that the ordering encodes a property observable in the

data rather than a preference supplied after the fact. The analysis is
intended to establish that the ordering materially affects the
outcome, not to claim optimality for a particular numerical

configuration.

6. Discussion

6.1 Advantages

The proposed framework offers five main advantages. First, it
directs expert effort rather than consuming it indiscriminately:
instead of defining the entire domain in advance or auditing every
generated result afterwards, it asks experts only the targeted
questions that resolve prioritized deficiencies, and the case study
shows that 600 bundled questions were sufficient to resolve 2,702
slots. Second, it ensures reproducibility, because a given slot yields
the same SQL and therefore the same response every time, a
property measured rather than asserted in Section 6.3. Third, it
provides traceability, recording which slot was filled by which
expert's answer, which is essential for auditing in a regulated
industrial setting. Fourth, it is extensible: the plugin structure
organized around C8 allows a new process to be added without
modifying the core graph. Fifth, it makes tacit knowledge visible,
because C8 nodes expose the limitations of the system
transparently instead of hiding them behind fluent but ungrounded

answers.

6.2 Limitations

Several limitations define the boundary conditions under which
performance may degrade. The quality of the initial graph depends
heavily on the primary materials; if they are sparse, the initial
graph is sparse and Phase 3 questions may proliferate. Two experts
may give conflicting answers to the same slot, and fully automatic
conflict resolution remains limited; with six experts spanning three
areas, as in the present case study, disagreement on shared
definitional slots is a realistic rather than a hypothetical concern.
The expert rating study of Section 5.6 carries a related limitation:
the raters were the same experts who answered the active queries,
because they are the personnel with the required field experience at
this site, so the result supports the relative ordering of the three
completeness conditions rather than the absolute rating values, and
evaluation by raters independent of the construction process
remains necessary. A further limitation concerns the reach of the
elicitation mechanism itself: as Section 5.3 reports, part of the
residual set consists of slots that cannot be settled by a single
question and require supplementary domain materials, which

places them outside the active-query loop and calls for a separate
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collection procedure. Continual self-evolution can accumulate
node conflicts and duplicates, so periodic compaction of the graph
is required to maintain consistency. Finally, although permission
and security policies are represented as C4 constraints, aligning
them with an external identity-and-access-management system is a
separate engineering task that lies outside the graph itself.
Recognizing these conditions is important for setting realistic

expectations in deployment.

6.3 Controlled Comparison with Baselines

A claim about the mechanism through which the four barriers of
Section 3 are resolved requires evidence rather than argument.
Four conditions were evaluated on a common query set of 120
queries derived from the representative intents of Table 8, each
with a reference answer and a reference SQL statement validated
by the expert panel of Section 5.4. The conditions are: (B1)
a standalone LLM with no domain grounding; (B2) retrieval-
augmented generation over the same 84 domain documents
supplied to Phase 1; (B3) the proposed knowledge graph without
the UnfilledSlot class and without the active-query loop, so that the
3,208 slots Phase 2 could not fill remain unresolved; and (P) the
full proposed framework. Condition B3 is included specifically
because it isolates the contribution claimed in this paper. B1 and
B2 differ from the proposal both in graph grounding and in
deficiency handling, so a difference between them and P would not
attribute the improvement to either mechanism; B3 differs only in
the latter and therefore constitutes an ablation of the UnfilledSlot
mechanism, sharing an identical graph, schema mapping, and
orchestration pipeline.

Fig. 9 reports the outcome. Fig. 9(a) gives the accuracy
metrics—SQL execution accuracy, intent-classification accuracy,
slot-resolution accuracy, and answer correctness against the
reference set—reported separately so that failures can be localized
to the pipeline stage at which they occur. Fig. 9(b) gives the
schema hallucination rate, defined as the proportion of generated
queries referencing tables or columns that do not exist in the
schema, together with a reproducibility rate obtained by issuing
each query repeatedly and recording the proportion of runs
producing an identical validated SQL statement and an identical
Fact layer, and the mean end-to-end latency per query. We measure
reproducibility rather than assert it because Section 4.7 claims it as
a defining property of the framework, and a property claimed as
defining should be tested. Reporting latency alongside these two
rates is deliberate: the framework performs work the ungrounded
baselines do not, namely schema lookup, validation, and sandbox
execution, so the three quantities in Fig. 9(b) together express the

cost at which the reliability properties are obtained.
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Fig. 9 Controlled comparison of the proposed framework against
three baselines on a common query set of 120 queries derived
from the representative intents of Table 5. The conditions are
B1, a standalone LLM without domain grounding; B2,
retrieval-augmented generation over the same 84 domain
documents supplied to Phase 1; B3, the same knowledge
graph without the UnfilledSlot class and without the active-
query loop; and P, the full proposed framework. (a) Accuracy
metrics, localizing failures to the pipeline stage at which they
occur, (b) Schema hallucination rate and reproducibility rate.
End-to-end latency decomposed by pipeline stage. Error bars
denote one standard deviation. Condition B3 is the ablation of
the UnfilledSlot mechanism

The ordering Bl < B2 < B3 < P holds across every accuracy
metric. The largest single increment occurs between B2 and B3,
indicating that graph grounding rather than document retrieval
accounts for most of the improvement; the remaining increment
between B3 and P isolates the contribution of explicit deficiency
handling, and is most pronounced in slot resolution and answer

correctness, the stages at which an unresolved definitional slot
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manifests. The failure modes observed under B3 are instructive. A
query depending on an unresolved definitional slot either failed
outright or proceeded on a silently assumed value, and the latter
case is the more consequential: the answer is fluent and
superficially grounded, yet the definitional premise on which it
rests was never established. This is precisely the outcome that
representing deficiency explicitly is intended to prevent, and
observing it under an ablation provides direct evidence for the
design decision. Fig. 9(b) shows the trade-off these properties
entail: the framework eliminates schema hallucination and
achieves near-complete reproducibility, at the price of an end-to-
end latency roughly twice that of the standalone baseline, which
reflects the validation and analysis steps the baselines omit.
Interpreted against the four barriers of Section 3, the
measurements support the mechanism the paper proposes. Against
terminology mismatch, the Concept class normalizes field terms to
canonical slots, which is reflected in the intent-classification
accuracy of the grounded conditions. Against schema
fragmentation, the DataSchema class provides an explicit mapping
from field terms to physical columns, which is reflected in the SQL
execution accuracy and in the elimination of schema hallucination.
Against tacit knowledge, the UnfilledSlot class captures the
definitional rules that are missing and obtains them through
prioritized questions, which is what separates P from B3. Against
hallucination and non-traceability, generation is constrained to
validated slots and executed in a sandbox, and every layer of the

response carries provenance.

6.4 Generalization and Scalability

Although the case study concerns continuous casting, the
framework is deliberately process-agnostic. The eight classes
describe any process in which operators ask grounded questions
over plant data, and the plugin structure organized around C8 lets a
new process be added by supplying its concepts, schema, intents,
and response templates without modifying the core loop. A rolling
process, a reduction furnace, or a battery-cell process could be
onboarded by the same Phase 1-3 construction procedure, after
which they would share the same Phase 4-5 operation machinery.
This suggests a path toward a shared knowledge infrastructure in
which process-specific profiles are exchanged across plants and,
eventually, across companies.

Scalability, however, is bounded by the same self-evolution that
gives the framework its adaptivity. As the graph accumulates nodes
over long operation, conflicts and duplicates arise and must be
compacted periodically; without compaction, the graph would
grow monotonically and slow down slot resolution. The

framework therefore treats graph maintenance (compaction,

conflict detection, and versioning) as a first-class operational
concern rather than an afterthought, and future work will formalize
the compaction policy so that the graph remains consistent as it

scales across processes and sites.

7. Conclusion

This study proposed a domain knowledge graph-based
conversational operation assistant that couples a steel-process
ontology with expert-LLM dialogue. By introducing the
UnfilledSlot class and a five-phase construction—operation loop, the
framework represents deficiencies explicitly, prioritizes them, and
resolves them through LLM-generated targeted questions to experts,
thereby turning the four structural barriers of industrial operation into
an actionable construction procedure. In a steel continuous casting
case study instantiating 8,441 slots, automatic slot filling reached
62% (5,233 slots), and 600 bundled expert questions resolved 2,702
slots, reducing the unfilled ratio from 38% to 6% and reaching
saturation at the seventh answering round. A controlled comparison
against a standalone LLM, retrieval-augmented generation, and an
ablation without the UnfilledSlot class shows that the reproducibility
and traceability of the responses derive from explicit deficiency
handling rather than from model scale, and an expert rating study at
three levels of graph completeness shows that answer quality rises as
the definitional slots are resolved.

Three directions are planned for future work. First, the precision
of automatic slot filling will be improved by combining a domain-
specific LLM with multiple signals, raising the Phase 2 filling rate
and thereby reducing the Phase 3 burden. Second, the consistency
of expert answers will be maintained through decision models that
weight answers and account for time and expert role, ensuring
coherence in a multi-expert environment. Third, the plugin
structure organized around C8 will be leveraged to share process-
specific profiles and, ultimately, to develop a marketplace of
process ontologies, extending the approach from a single plant into
an industry-wide knowledge infrastructure.

More broadly, the approach reframes the role of an LLM in
industrial operation. Rather than treating the model as an oracle
expected to know the plant, it treats the model as an interviewer
that helps a plant articulate and preserve its own tacit knowledge,
one prioritized question at a time. In an era of workforce
discontinuity, this reframing offers a practical route to capturing
veteran judgement before it is lost, while keeping every resulting
answer reproducible, traceable, and auditable, properties that are

indispensable for the safe adoption of Al in heavy industry.
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Design and Validation of Quadruple Circular-arc Tooth Profiles for a
Strain Wave Gear Using FE Analysis and Experiments
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Strain wave gears are widely used in applications that require high reduction ratios, compact designs, and high positioning
accuracy. However, increasing torque capacity remains a key challenge, particularly due to the high stresses at the flex
spline tooth root. This study presents the development and investigation of a new strain wave gear variant. The tooth
profile is defined using a quadruple-arc geometry with tangential transitions. A two-dimensional tooth engagement analysis
evaluates the meshing behavior under flex spline deflection and identifies potential collisions during the design phase.
Consequently, an FE simulation was conducted to investigate stress distribution. In the final step, the developed strain
wave gear was assessed for overall performance and load capacity. Performance evaluations, including hysteresis loss,
showed that the developed strain wave gear performed equally well or better than a leading strain wave gear manufacturer
across seven key performance metrics. In terms of load capacity, the maximum torque at 50% failure probability (T50%)
reached 106.7 Nm, which is 30% higher than the development target of 82 Nm, thereby confirming the validity of the tooth-
profile design.

Manuscript received: February 27, 2026 / Revised: August 14, 2026 / Accepted: August 24, 2026
This paper was presented at KSPE Autumn Conference in 2025

NOMENCLATURE h¢ = Foot Height Factor

I¢ = Foot Radius x Coordinate
FS = Flex Spline by = Foot Radius y Coordinate
CS = Circular Spline ¢r = Root Radius Factor
WG = Wave Generator I = Head Radius x Coordinate
dt = Pitch Circle Diameter b, = Head Radiusy Coordinate
z;, = Number of Teeth Pa = Head Radius Factor
m = Module hy = Head Radius Length Factor
®y = Deflection ¢ = Root Radius Factor 2
h, = Head Height Factor ¢, = Head Radius Runout Factor

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Flex Spline (FS)

Circular Spline (CS) Wave Generator (WG)

Fig. 1 Components of the strain wave gear

1. Introduction

Strain wave gears, also known as harmonic drives, are widely
used in high-precision applications such as aerospace and
industrial robotics because of their compact size, high reduction
ratios, and excellent positioning accuracy. These gears consist of
three key components: the flex spline (FS), circular spline (CS),
and wave generator (WG), as shown in Fig. 1. To improve the
tooth engagement area of strain wave gears, considerable research
has been devoted to tooth-profile design. Ivanov [1] and Zhang et
al. [2] investigated strain wave gear tooth profiles and their
meshing process. Several studies have investigated double-arc and
quadruple-arc tooth profiles [3-5]. In particular, Eloy Yague-
Spaude [5] investigated quadruple-arc tooth profiles, which
provide greater geometric flexibility through independent control
of the tooth-root and tooth-tip regions, thereby enabling more
refined optimization of stress distribution, meshing quality, and
load-carrying capacity. In addition, Zhiyuan Yu et al. [6,7]
examined validation methods for strain wave gears using analytical
approaches. Building on these previous studies, this paper presents
the design, development, and validation of a strain wave gear for
standard-torque applications. The developed gear was designed for
a repeated peak torque of 82 Nm, with a reduction ratio of 100 : 1

and 20-inch size.

2. Tooth Profile Design

This section presents the geometric design and profile definition
of the strain wave gear. The objective is to develop feasible and
collision-free tooth geometries that serve as the basis for
subsequent numerical and experimental investigations. The design

of the flex spline and circular spline is described below.

2.1 General Gear Data

The strain wave gear set considered in this study has a module

Flexible Spline Definition Circular Spline Definition

I I pt/2 :
hy
h
ol s
A @ P
@/ by Pa_- ~ b,
______ &w_v K \@

Fig. 2 Geometric parameters of the CS and FS

of m = 0.254, with z, = 200 teeth for the flex spline and z, = 202
teeth for the circular spline. The profiles of the circular spline and
flex spline are defined using a quadruple-circular-arc geometry.
Compared with the involute tooth profile, this profile type provides
advantages such as a higher number of meshing tooth pairs and a
more uniform stress distribution. Furthermore, compared with the
double-arc profile, it includes a larger number of design variables,
which increases the degree of freedom in tooth-profile design and
enables more flexible optimization of tooth contact characteristics.
For both the circular spline and the flex spline, the profile
definition begins with the selection of two major radii, ¢, and @y,
which are key design parameters governing the initial tooth
contact. Additional arcs are then introduced at the tooth root of the
flex spline and at the tooth tip of the circular spline to ensure
smooth profile transitions. Tangential continuity is imposed
between adjacent arcs. Further parameters are used to define the
positions of the arc centers, and some of these parameters are
therefore interdependent. The parameters used for the profile

definition are shown in Fig. 2.

2.2 Profile Design

Based on the profile definitions introduced in Section 2.1, the
profile parameters for the circular spline and flex spline were
determined. The resulting quadruple-circular-arc tooth profiles are
shown in Fig. 3, while the corresponding geometric parameters are
summarized in Table 1. In addition, the wave generator deflection
was selected as wo = 0.27 mm based on the results of finite element
and tooth engagement analyses. To evaluate the meshing condition
between the two gears, the flex spline profile was considered in its
deflected state. This placed the flex spline tooth at its maximum
radial extension and enabled a preliminary analysis of the meshing

between the two gears.

2.3 Wave Generator Design
The wave generator shape considered in this study resembles

that of a ring deformed by two opposing forces. The variation in
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Fig. 3 Quadruple-circular-arc profiles of the CS and FS

Table 1 Main parameters of the designed tooth profiles

Parameters Values [mm] Parameters Values [mm]
h, 0.9 Or 0.21
h¢ 0.9 I, 0.4
l¢ 2.72 b, 0
by 0.26 0 1.08
h] 0.76 Qr 0.55
0.3
0.2
£
£ 0.1
3
§ 0 ——
:
% -0.1
fa
-0.2
-0.3

0 60 120 180 240 300 360
Circumference / °

Fig. 4 Circumferential variation of the deflection ® in the two force
model

the deflection along the circumference of the wave generator can

be described mathematically by Eq. (1).
® = m,cos(2¢) )

The circumferential variation of the deflection @ for the two-
force model is shown in Fig. 4. The deflection follows a cosine
function. The maximum positive deflection, ®, = 0.27 mm, occurs
at 0° and 180°. Similarly, the maximum negative deflection of
-0.27 mm occurs at 90° and 270°. Overall, the deflection
distribution is symmetric, and the transition between positive and

negative deflection is smooth.
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25.6

254

y-Axis / mm
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24.8
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
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Fig. 5 Tooth engagement analysis results

2.4 Tooth Engagement Analysis

To analyze potential collisions between the flex spline and the
circular spline during the design phase, a tooth engagement
analysis was developed and implemented in MATLAB. This
analysis serves as a purely geometric preliminary assessment. It
enables the identification of potential collisions or penetrations
during meshing, but it does not provide information on stress
distribution or load capacity. For this purpose, the wave generator
is rotated through 90°. Owing to symmetry, no further rotation is
required. The resulting motion of the flex spline tooth relative to a
fixed circular spline gap is visualized in Fig. 5. In addition, the
trajectories of the tooth tip and tooth root are shown as two blue
curves. If a collision or penetration with the circular spline occurs
at any point during the motion of the flex spline profile, the
analysis generates a warning. This makes it possible to evaluate the
meshing condition and adjust the profile parameters accordingly.
Since no warning is generated for the selected parameters, they are

considered suitable for subsequent FE simulations.

3. Finite Element Analysis and Validation

The designed tooth profiles of the flex spline and the circular
spline are investigated using finite element (FE) simulation. In this
analysis, the wave generator geometry is considered, and the stress
distribution at the tooth root, the contact pressure distribution along
the flank of the flex spline, the number of teeth in contact, and the

continuity of tooth contact are evaluated.

3.1 Structural Analysis of the Tooth Profile
To investigate the tooth profile of the strain wave gear, a two-
dimensional finite element model of the flex spline, circular

spline, and wave generator in the standard configuration was
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Table 2 Material properties

Materials Young’s modulus  Poisson’s ratio
42CrMo4 QT (CS) 160 GPa 0.3
34CrNiMo6 QT (FS) 200 GPa 0.3
Steel (WG) 210 GPa 0.3

Fig. 6 2D FE model of the tooth profile
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Fig. 7 Max. bending (signed von-mises) stress of FS (Step 2)

developed (Fig. 6). This model represents a 2.4 mm-wide central
section of the tooth profile and was analyzed under plane-strain
conditions. The material properties used in the analysis are
summarized in Table 2. To minimize the influence of auxiliary
components such as bearings, the wave generator was assumed to
be a rigid body. Based on this model, the contact pressure in the
tooth contact region and the bending stress at the tooth root were
evaluated. The analysis procedure consisted of two steps. In Step 1,
the wave generator was inserted into the flex spline. In Step 2,
a reference torque of 82 Nm was applied to evaluate the tooth
strength under torque loading. Due to the elliptical shape of the

wave generator, the maximum stress in the flex spline during Step 1

S
At
f\‘\ﬁ‘a\‘a\\ﬂlﬂlllﬁ

Fig. 8 FE model of 3D strain wave gear
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Fig. 9 Tooth contact pressure distribution on the flex spline

occurred along the major axis (Y), and the maximum bending
stress was 234 MPa. In Step 2, the location of the maximum stress
shifted to 45°, and a total of 82 teeth were in continuous contact,
with 41 teeth in each of the upper and lower regions relative to the
major axis. The maximum bending stress at the tooth root was
758 MPa (Fig. 7), corresponding to approximately 62% of the
material yield strength (1,230 MPa). The maximum tooth contact
pressure was 2,277 MPa, indicating a relatively high local contact
stress level.

3.2 Three-dimensional Contact Analysis

Due to the structural characteristics of the strain wave gear, a
coning effect that induces a tilt angle occurs when the bearing is
assembled into the flex spline. Since this effect also influences
tooth meshing, the tooth contact behavior should be examined with
the coning effect considered. In addition, separate contact
conditions were defined for the ball-inner race interface and the
ball-outer race interface. To reduce the computational cost while
taking advantage of model symmetry, a half model of the strain

wave gear was developed, as shown in Fig. 8, and a cyclic
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Table 3 Summary of FE analysis results

Analysis result 2-D 3-D
Contacted tooth number 82 80
Maximum bending stress [MPa] 758 669
Maximum contact stress [MPa] 2,277 1,895

symmetry boundary condition was applied to the symmetry plane.
As in the two-dimensional analysis, the simulation consists of two
steps. In Step 1, the coning effect induced by the assembly of the
wave generator (WG) is considered. In Step 2, tooth stresses and
contact behavior are calculated under an applied torque of 82 Nm.
As shown in Fig. 9, the tooth contact region remained continuous;
however, owing to the coning effect, the contact pattern was
nonuniform compared with that observed in the 2D analysis. The
total number of teeth in contact was 80. The maximum contact
pressure and bending stress were 1,895 and 669 MPa, respectively,
which are slightly lower than the corresponding 2D analysis results
of 2,277 and 758 MPa. These reductions are attributed to the
increased contact area and the more distributed load transfer

caused by the coning effect.

4. Performance and Load Capacity Tests

The designed strain wave gear was subsequently evaluated in
terms of performance and load capacity. In the first step, the gear
performance was investigated. In the second step, the load capacity

was determined.

4.1 Test Specimen

To validate the proposed design, a strain wave gear sample was
manufactured. Considering cycle time and suitability for mass
production, power skiving was adopted as the manufacturing
process. After manual pairing, the final sample is shown in Fig. 10.
For the load-capacity tests, 18 test samples were manufactured.
Tempered 34CrNiMo6 QT steel was used.

However, nine of the samples were manufactured using steel
with a lower impurity content, which is expected to result in a

higher load capacity.

4.2 Performance Test

For the performance evaluation of the developed strain wave
gear, the specimens were prepared in a semi-unit configuration
with test jigs attached to relevant components, such as the output
bearing, as shown in Fig. 11. Performance tests were conducted in
accordance with KS B 7300 and KOROS 1166 [8], including

e e o
o
A\

b

® Output bearing
@ Circular spline
@ Flex spline

® Test input shaft

@ Test input bearing
@ Cam shaft
® Flex bearing

Fig. 11 Performance testing set-up

Table 4 Performance test results

Test items Unit Goal [10] Result
Hysteresis loss arc-min 1.00] 0.62 (Pass)
Lost motion arc-min 1.00] 0.45 (Pass)
Torsional stiffness Nm/arc-min 8.341 9.42 (Pass)
Angular transmission error arc-min 1.00} 0.46 (Pass)
Transmission efficiency % 55.01  68.32 (Pass)
No-load running torque Nm 0.40] 0.12(Pass)
No-load starting torque Nm 0.32] 0.05(Pass)

assessments of hysteresis, angular transmission error, transmission
efficiency, no-load running torque, and starting torque. A total of
nine specimens were tested, and the average values are
summarized in Table 4. The results were compared with the
reference specifications [9], thereby confirming the performance

validity of the proposed design.

4.3 Load Capacity Tests

Load capacity tests were conducted on flex splines made of two
variants of 34CrNiMo6 QT steel. Variant A is a conventional grade
of 34CrNiMo6 QT steel, whereas Variant B is the same steel grade

with a lower impurity content. The aim of the tests was to
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Fig. 12 Test setup for load capacity investigation

132
122

damage
®run out

12 mfictious point
102 ]

92 ° |

82 ]

72

Torque / Nm

0 2 4 6 8 10
Number of tests / -

Fig. 13 Load-capacity test results for Variant A
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Fig. 14 Load-capacity test results for Variant B

determine the load capacity of the flex spline tooth root. The load
capacity tests were evaluated using the endurance method [10],
with the torque level for each subsequent test adjusted according to
whether the previous specimen fractured or resulted in a run-out.
The test setup is shown in Fig. 12. Grease (Harmonic Grease SK-
1A) was applied to the meshing area. The test was stopped when
the temperature reached 80°C, abnormal vibrations occurred, or
107 cycles were achieved. The stopping criteria were defined as
either reaching the limit of 107 load cycles or the occurrence of
fracture or tooth failure, which was identified through vibration
monitoring. The results of the load-capacity tests for Variant A are
shown in Fig. 13. The torque corresponding to a 50% failure
probability was determined to be Tsp, = 98.7 Nm. Subsequently,
the tests for Variant B were also conducted under the same
conditions. The results for Variant B(lower impurity content) are
shown in Fig. 14. The torque for a 50% failure probability was
determined at Tsg, = 106.7 Nm. This indicates that Variant B, with
its lower impurity content, has an 8.1% higher load capacity than
Variant A.

5. Conclusion

This study developed and validated the tooth geometry of a
strain wave gear through finite element (FE) analyses and
experiments.

The results can be summarized as follows:

1) For a strain wave gear with a module of m = 0.254 mm, a
1 : 100 gear ratio, and a 20-inch size, quadruple-circular-arc
tooth profiles were designed. The wave-generator deflection
was defined as ® = wo cos(2¢) with wo = 0.27 mm, and a
MATLAB-based 90° meshing analysis verified interference-
free engagement.

2) FE analyses were performed to evaluate tooth-root stress and
contact pressure. Under a torque of 82 Nm, the 2D model
showed 82 teeth in continuous contact, with maximum values
of 758 MPa for root bending stress and 2,277 MPa for contact
pressure. The maximum root bending stress corresponds
to approximately 62% of the material yield strength
(1,230 MPa), indicating a sufficient safety margin in terms of
tooth-root strength. The 3D model, which accounted for the
coning effect, yielded 80 teeth in contact and a reduced peak
contact pressure of 1,895 MPa due to the larger contact area.

3) Finally, nine specimens were used for the performance tests,
and 18 specimens were used for the load-capacity tests. The
performance metrics satisfied the reference specifications. In
the load-capacity tests, the torque corresponding to a 50%
failure probability was 98.7 Nm for Variant A and 106.7 Nm
for the low-impurity Variant B, corresponding to an 8.1%
improvement in load capacity for Variant B. Therefore, the
results confirm that the prototype of the developed standard-
torque version has sufficient gear strength at the target

repeated peak torque of 82 Nm.
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Integrating metals and plastics is essential for lightweight structures and efficient assembly in industries such as automotive
and IT device manufacturing. This study investigated how laser micro-patterning enhances the interfacial bonding strength
between these dissimilar materials in metal insert injection molding. Galvanized high-strength steel and polyphenylene
sulfide (PPS) reinforced with 40% glass fiber were used as the metal and plastic materials, respectively. Four micro-
patterns—circular, square, diamond, and hexagonal—were machined by laser on the bonding area at the end of the steel
sheet. The effect of pattern spacing on bonding strength was evaluated by tensile shear tests on injection-molded
specimens. The combined effect of laser processing and plasma surface treatment was also examined. For the square
pattern, wider pattern spacing increased the bonding strength 2.2-fold, and for the hexagonal pattern the increase was 1.4-
fold. Combining laser micro-patterning with plasma treatment enhanced the bonding strength by factors of 1.4 to 2.3. The
effect of plasma treatment was greater for the square and diamond patterns than for the circular geometry.
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Sprue
Length: 72mm
Diameter: 3.5~7.275mm

o

Runner
Length: 14.4mm

e Diameter: 5mm

Length: 3.07mm
Depth: 1.5mm
Width: 3.9~5mm

Fig. 3 Schematics of sprue, runner and gate

Cooling channel
Diameter: 8 mm
Length: 558 mm
Depth: 12~30 mm

Cartridge heater

Diameter: 16 mm
Length: 300 mm

Depth: 40 mm

Fig. 4 Layout of cartridge heaters and cooling channels
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Fig. 6 Photograph of metal insert molded specimen

Cover Base Grip

Fig. 7 Schematics of jig for bonding strength test
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Fig. 8 Tensile test for bonding strength
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Fig. 11 2nd rectangular pattern: (a) Design, (b) Measurement (x100)
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Fig. 13 Bonding strength under 1st laser texturing patterns
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Fig. 15 Top view of the metal fracture surface in the joint area
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Fig. 17 Top-sectional SEM images for rectangular pattern (x150):
(a) Metal, (b) Plastic
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Fig. 18 EDS elemental distribution maps for rectangular pattern
(Scale bar: 250 pm): (a) Metal, (b) Plastic
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590 steel <

Fig. 19 Top-sectional SEM images for hexagon pattern (x150):
(a) Metal, (b) Plastic

Fe
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Fractured
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Fig. 20 EDS elemental distribution maps for hexagon pattern (Scale
bar: 250 um): (a) Metal, (b) Plastic
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Fig. 21 Top-sectional SEM images for rectangular pattern with
plasma treatment (x150): (a) Metal, (b) Plastic
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Fig. 22 EDS elemental distribution maps for rectangular pattern
with plasma treatment (Scale bar: 250 pum): (a) Metal,
(b) Plastic
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Fig. 23 Top-sectional SEM images for hexagon pattern with plasma
treatment (x150): (a) Metal, (b) Plastic
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Fig. 24 EDS elemental distribution maps for hexagon pattern with
plasma treatment (Scale bar: 250 um): (a) Metal, (b) Plastic
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Mechanical and Thermal Properties of AIN/PDMS Composite Potting
Materials for Protecting Defense Electronics
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Environmental stability (823 2+4-A), Defense electronics (B1AH TXFEH])

Military electronic equipment is often subjected to harsh operational environments characterized by mechanical shocks,
vibrations, and rapid temperature fluctuations. Therefore, reliably protecting internal components is crucial. To ensure
system reliability, potting materials must provide both mechanical cushioning and environmental stability. While
polydimethylsiloxane (PDMS) is a promising option due to its excellent flexibility, chemical stability, and environmental
resistance, its low thermal conductivity limits its effectiveness in thermal management. In this study, we aimed to address
these limitations by fabricating aluminum nitride (AIN)/PDMS composite potting materials. We evaluated their thermal and
mechanical properties based on varying filler loadings. PDMS specimens with different AIN contents (0, 5, 10, and 20 wt%)
were prepared, followed by systematic compressive tests and thermal conductivity measurements. The results indicated that
both compressive strength and thermal conductivity improved consistently with increased AIN filler loading, achieving up to
a 46.7% enhancement in thermal conductivity while reasonably maintaining the inherent elasticity of the elastomer. These
findings suggest that AIN/PDMS composites can effectively serve as protective materials that meet the thermal
management and mechanical cushioning requirements of defense electronics, providing a foundational guideline for
designing military-grade potting materials.
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Fig. 1 Schematic diagram comparing unpotted and potted electronic
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equipment exposed to harsh operational environments:
failure modes such as cracking, short circuits, and corrosion
due to external stressors (left), and enhanced operational
stability achieved through the application of the protective
potting material (right)
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Table 1 Mechanical and thermal properties of Epoxy, Polyurethane,

and PDMS
Epoxy Polyurethane PDMS
Young’s modulus 3
[MPa] 1-4 x 10 10-100 0.5-3
Elongation
(@break, %] <10 300-800 100-500
Thermal stability 5, 4, 200-280 350-430
[Tq, °C]
Ref. [5-7] [9,10,21] [11,12,22]

*Thermal decomposition temperature
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Fig. 2 Fabrication process of AIN/PDMS composites
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= Sigma-Aldrich (USA)YIA -J3tsic). & clsex] wefst
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Fig. 3 Optical photographs of AIN/PDMS composites with various
AIN filler contents, demonstrating the transition from
transparency to opacity
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Fig. 4 SEM images of neat PDMS and AIN/PDMS composites with
5, 10, and 20 wt% AIN filler contents
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Fig. 5 Compressive stress-strain curves of AIN/PDMS composites
with various AIN contents
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Fig. 6 Compressive stress-strain curves of AIN/PDMS composites
with various AIN contents
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Fig. 7 TGA and DTG curves of AIN/PDMS composites with
various AIN contents
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Fig. 8 Thermal diffusivity of AIN/PDMS composites with various
AIN contents
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Fig. 9 Thermal conductivity of AIN/PDMS composites with various
AIN contents
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Biomechanical Mechanisms Underlying Changes in Knee Adduction
Moment induced by Modifications of the Foot Progression Angle
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Moment arm (2HIERL), Gait modification (Eso ), Ground reaction force direction (X|HH2 HiSF)

The knee adduction moment (KAM) is widely used as a surrogate measure of medial knee loading and is a primary
target of gait modification. Toe-in and toe-out modifications of the foot progression angle are commonly assumed to
reduce KAM peaks by displacing the center of pressure (COP), but this mechanism has not been firmly established.
This study therefore aimed to clarify the mechanism underlying KAM reduction during these modifications. Healthy adults
walked under normal, toe-out, and toe-in conditions. KAM, the moment arm of the ground reaction force (GRF), GRF
magnitude, GRF angle, and COP were analyzed at the first and second KAM peaks. Toe-in and toe-out walking
predominantly reduced the first and second KAM peaks, respectively. The moment arm was the primary determinant of
both peaks (R? > 0.90). Contrary to conventional assumptions, the reduction in moment arm depended largely on
changes in GRF angle, whereas the contribution of COP was minimal or even opposed the change in moment arm.
These findings provide a mechanistic basis for foot progression modification strategies and should help improve their
clinical effectiveness.

Manuscript received: April 27, 2026 / Revised: July 6, 2026 / Accepted: August 2, 2026

1. M2
NOMENCLATURE
KOA = Knee Osteoarthritis 5 S Y (Knee Osteoarthritis, KOA) t32Q1 E[3H 4]
KAM = Knee Adduction Moment <=4 Agholn, 53] WS-8 (Medial Compartment)o] ]
FPA = Foot Progression Angle E2 Y g By YSTEof Agste d=gt Foke
GRF = Ground Reaction Force S U de 2y B A HE =8 Ak 84l
MA = Moment Arm oz dHA qlew, ol ut B3 & 75 WSFeE Bt
cor = Center of Pressure 517] 913k A+t7h 2ds] AL Qo] B F FEHR
KJC = Knee Joint Center HE (Knee Adduction Moment, KAM)&= WS 5] £512] EH

Kl

EZ

14 (g2 AM-ET, 7] A (Baseline) F-ESU 7w
7F WA B S A8 Avbgo] B 5]31‘:}[1]

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Al(Center of Pressure, COP)¥} |HuF WlE| 9] K% )
o3It ERloA = W WA o2 Qg HHlEQ}
SUHARHE ZHa0] Yoz A, HF4 ol Awvte )
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A4S Foll, e Yo e FEWHARHE Wkt
HAE

qloA reiEAlst e 52 2aswE
ol AAHOR FHHE Aolth. o8 Bl WAWAE 4%
o] FEdEHES] A e AR s tAYZES A

AJstaA) gt

Table 1 Subject characteristics

Characteristic Mean + SD (n = 14)

Gender Male = 7, Female =7
Age [yrs] 22+1.8

Height [m] 1.68 £ 0.09

Body mass [kg] 67.8+ 143

Pk B e

Fig. 1 Gait-path and experimental setup

2. l:g-l:l-l
2.1 ZIAER}

£ Aol sHAlel 2x4A Agolu & o] gl A
78t 449l 1490] Folalglth(Table 1). £ As 9293
(IRB No. 7001355-202011-HR-409)2] %¢1& Hlo} 4=3)x|gl o
o, RE gk A dae] gt R A 1 59
gt 3 Aol olasict.
2.2 AHFH| 3

AFollA= 2 ASS fla wAWA 72t 9o(Eagle,

Motion Analysis, CA)2} f\’;‘{} 2tH(OR6-7, AMTI, MA)E A%
STt 9dx= HANA] AL EQ 74(3%3 Designs Ltd.,
Canada)yZ 2831 &, Helen-Hayes & ul7] M EES H 2514
A= AP (Normal Gait), QIRHE3Y, k=Y o] 3714
< salolth. ARYIAL AeArele HapA ] e
S sagelicy. o mae akusy o) WS
of 10° 21202 ZMAYIES, Uk mele Habusy o] o
NHYZHEES oF 10° 202 74417152 2 A5

6.5 m RIYZ Z=olo] S wzslATt. 2
MR oF 787 AL T 103 B ZA et B
e} JZ7|= sqich. 105]9] HlolE F ubA dlolE

S =3 (Kinematic) H]o|Elo] thall Cortex (Ver. 8.1, Motion
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Table 2 Foot progression angle (FPA) across the three gait conditions

Gait type Ist peak [deg] 2nd peak [deg]
Normal 9.5+6 11.9+7
Toe-in -2.5 & THREE -0.4 £ 9F**
Toe-out 22.2 + THEE 23.9 £ TH**

Significant differences compared with the normal gait condition
determined by repeated-measures ANOVA followed by Bonferroni-
corrected post hoc tests (¥p < 0.05, ** p <0.01, *** p <0.001)

3.2 SEYMBHES} 7 AYROI
Fig. 204 FEdixiwdleet 0 A4asmxe] wHlEe),
At A77ef diall, 1 AREA I} Figs. 2(a)-2(c) %IHXJ

ERE HIAHelA S gh(Figs. 2(d)-2(D)y Hebdet. w24

HolAe] FEUdES} mulEQre] Zhaufel e v {A}

SchFigs. 2(d)-2(e)). FAIH R, eRBAA A= F 2 AAH

5 R ET 29k Wb o] pelle AwA) w A4

ol ARE ZH9kTh(p < 0.001). AHwke A27]= & ] 3AH 27

ofl A HxlPzhe A QAR Y} 2po) 7k §i%ith(Fig. 2(F).

RRIEQR ARk H7]E 8R10R ok FEUEHE]
3t DA tEE] A EA 9] dil(Table 3), F 9|3 BEo|A]

HHES hEwEe] A RY)7F 90% ool i, Ayt
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éé

3.3 RHIEQ ANYQOISO| M5k
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Fig. 2 Time trajectories of (a) KAM, (b) MA, and (¢) GRF magnitude, with their corresponding values at the two peaks of KAM (d)-(f) across
three gait types (normal, toe-in, and toe-out). In panels (d)-(f), the lines connecting the first and second KAM peaks are intended solely
to facilitate visual comparison of the two peak values within each gait condition and do not represent temporal changes or causal
relationships between the peaks. Significant differences from the normal gait condition determined by repeated-measures ANOVA
followed by Bonferroni-corrected post hoc tests (*p < 0.05, **p < 0.01, ***p < 0.001)

Table 3 Stepwise regression analysis for the peak knee adduction moment (KAM)

Dependent variable Factors Final adjusted R* A Adjusted R? VIF B (95% CI)
MA [mm] 0.90 0.92%%(0.86-0.97)
KAM Ist peak . 0.967*** 1
GRF magnitude [N] 0.07 0.27***(0.21-0.32)
MA [mm] 0.95 0.90%*%(0.87-0.94)
KAM 2nd peak . 0.991*%** 1
GRF magnitude [N] 0.04 0.22***(0.18-0.25)

*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 Time trajectories of (a) COPml and (b) GRF angle, with (c)-(d) their corresponding values at the first and second KAM peaks across the
three gait types. In panels (c)-(d), the lines connecting the first and second KAM peaks are intended solely to facilitate visual
comparison of the two peak values within each gait condition and do not represent temporal changes or causal relationships between the
peaks. Significant differences from the normal gait condition determined by repeated-measures ANOVA followed by Bonferroni-
corrected post hoc tests (*p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 4 COP trajectories (ensemble averaged) across three gait conditions on the horizontal plane, presented in (a) the global reference frame
with the ankle joint center at the origin and (b) the local knee reference frame with the knee joint center at the origin
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Table 4 Stepwise regression analysis for the moment arm at peaks of KAM

Dependent variable Factors Final adjusted R’ A Adjusted R VIF B (95% CI)
GRF angle [deg] 0.63 1.3%%%(1.11-1.49)
MA 1st peak 0.84%** 22
COPml [mm] 021 0.7%%%(0.50-0.87)
GRF angle [deg] 0.15 1.7%%%(1.50—1.80)
MA 2nd peak 0.93*** 3.0
COPml [mm] 0.78 1.5%%%(1.37-1.66)
*p < 0.05, **p < 0.01, ***p < 0.001
COP,, GRF angle MA KAM
13t I Outweigh Secondary change
v y v
Toe-out
2nd
(p:0.86) v Primary change 4 v
1 st l
(p = 089) v v v
Toe-in
ond Offset Minor change 4 I\
(p=1.0) (p=1.0)

Fig. 5 Interactions between COPml and GRF angle, and their resultant effects on changes in MA and KAM
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of Customized Insoles on Arch Index and Subjective Comfort
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As interest in personalized biomechanical interventions grows, customized insoles have garnered attention for their ability to
improve plantar pressure distribution and foot comfort. While previous studies primarily focused on pressure redistribution,
systematic quantitative evaluations across different foot types remain limited. Notably, objective assessment methods that link
plantar pressure-based structural metrics with subjective comfort are still insufficient. In this study, customized insoles were
fabricated for 32 adults using plantar pressure-based foot shape acquisition and additive manufacturing, and their
biomechanical effects were evaluated. The arch index (Al) and subjective comfort were measured before and after one month
of use. Al was calculated from static plantar pressure data, and comfort was assessed across multiple foot regions using a
visual analogue scale. Statistical analysis revealed significant improvements in comfort at the arch, ankle, and rearfoot regions
(p < 0.05). The mean Al deviation from the normal reference value decreased by approximately 30.6%, indicating a shift
toward a more normalized arch pattern. Overall, this study demonstrates that customized insoles can enhance plantar contact
characteristics and perceived comfort across different foot types. These findings provide quantitative evidence for engineering
evaluation and establish a foundation for the objective assessment of personalized insole performance.
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Fig. 1 Workflow of customized insole fabrication (a) Foot impression
acquisition, (b) 3D foot scanning, (c) Alignment and pressure
region identification, (d) Curvature-based insole design,
(e) Additive manufacturing process, and (f) Finish

Table 1 General characteristics of the subjects

Total participants (N = 32) (M + SD)

Characteristics

Sex [M : F] 18:14
Age [years] 26.03 £3.61
Height [cm] 167.73 £9.44
Weight [kg] 66.08 + 17.89
Foot size [mm)] 25438 £20.94

M + SD: Mean + Standard Deviation
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Fig. 2 Plantar regions of the foot: Forefoot, midfoot, and rearfoot
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Fig. 3. Visual Analogue Scale (VAS)
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Table 2 Subjective comfort scores before and after insole use

Region . Mean Star}dagd t p-value
difference deviation
Forefoot -0.59 3.74 -0.893 0.379
Rearfoot -1.02 221 -2.601 0.014*
Midfoot -2.29 3.07 -4212 < 0.001%**
Ankle -1.42 2.57 -3.121 0.004 **
Overall -1.06 3.11 -1.921 0.064

*p <0.05, **p <0.01, ***p <0.001 versus the pre-insole condition
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Table 3 Paired t-test results for D values before and after insole use

i Mean D (M + SD)
Condition T p-value
Pre Post
0.0408 + 0.0283 + "
b 0.0248 0.0214 2.281 0.030
*p<0.05
0.150
0.100 =
= — .
Q (050 T e
T2 . R?=10.321
-0.050 :
0.100 0.150 0.200 0.250 0.300
AIPTC

Fig. 6 Scatter plot and linear regression analysis of pre-intervention
Arch Index and displacement change (Dd)
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Static Analysis and Fabrication of Sample according to the Internal
Lattice Structure Design of Endmill Tool Body based on Powder Bed
Fusion Technology

£50l', ASH?, Al
Ho Min Son', Dong Gyu Kim? and Min-Woo Sa'#

1 O AX|O|OHEY 7| HEAIHLA (R&D Center, SINTEC)

2 (RH)CHTL7 (AR =12 HUT 2SS 7 |=X[RME (Center for Advanced Cutting Tool and Machining, Daegu Mechatronics & Materials Institute)
# Corresponding Author / E-mail: 79smw42@gmail.com, TEL: +82-53-586-6210

ORCID: 0000-0003-0979-8736

KEYWORDS: Metal 3D printing (&< 3D ZZIE!), Powder bed fusion (22 M= &), Cutting tool (RAFETL), Lattice structure (ZAXI=X),
End mill =)

Product development based on metal 3D printing has been expanding steadily in the manufacturing industry. Powder bed
fusion (PBF) is currently the most widely used metal 3D printing method, as it produces parts of complex shape with high
precision. Applying PBF to the cutting tool industry could shorten process time relative to conventional sintering routes and
reduce the material waste generated during machining. It also allows internal lattice structures and fluid channels to be
designed within the tool, facilitating light-weighting and improved cutting performance. In this study, nTop software was first
used to design the internal lattice structure of an end mill tool for additive manufacturing and to perform the corresponding
simulation analysis. Three configurations were compared, in which the tool lattice was defined either by thickness
dimension or by thickness range, and the reinforced results confirmed that none of the designs posed problems for actual
additive manufacturing within the software. On this basis, tool bodies were fabricated on PBF metal 3D printing equipment,
and their feasibility for tool applications was evaluated.
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(a) 2D CAD

(b) 3D modeling
Fig. 1 2D and 3D design of endmill tool body
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Fig. 2 Designing lattice structures within tools using nTop software

Fig. 3 Shape according to lattice structure thickness dimensions
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Table 1 Mass of Solid structure tool

Type Tool body mass [g]
Solid 383.31

Table 2 Weight of tools by 3 Lattice structures and lightweight ratio

compared to solid tool 1000N
T Tool body mass [g] Solid to lightweight ratio [%] (a) Force direction (b) Fix face
ype
1.2T 1.4T 16T 12T 14T L.6T Fig. 4 Setting conditions for simulation analysis

BCC  319.08 327.87 337.09 16.76 1447 12.06
FCC  326.58 335.72 344775 1480 1242 10.06
Gyroid 32590 33229 33857 1498 1331 11.67

Units: mm -

44653401
l— 372111e01

- 297689%-01

- 223267e-01

3. AlE20IM a1y [

= 7.44223e-02

3.1 27 HiClo| ZYE 24 N

AR AR A= - v 9] 7] P43l Solid
T2 HH] FFES opotslr] s ot Zo] 245k (a) Displacement
Table 12 7|2 A} Solid F+29] 3+t Hlt] 9] 72 nTop &
ZEolE F8l skl Wehd Zlojm, 38331 go = ey
t}. Table 2= 3711 AR} A EAof w2 zF AxfLzE AFQlE

ded 3+ vie o) S5 9 Solid 7+ tfH] BHFES YEhd

Units: MPa -

2443180402
[ 203599e+02

- 162879402

Folth. AA7z B A2 A BVt S7184E HPEol & e
A v, 22 A A7} 12 mmd o) BCC ZApzo] F L o

T E0Y gl 7V A ekt 22 % 4 gk,

32 B7 HCIo| 2t M S0 T2 22 W shA
A A A0 wE 2 AxpaEs AelE dsw 3 (b) Stress
Hllo] FlojA Ft §2 ghe westy] $18) nTop Ze1
AIA
| 4

Fig. 5 Simulation analysis of the nTop program
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A, Tt 240E Fig. 49k o] AASIA: Fig. 4= 99 ¥ Table 3 Static characteristics of Solid structure tool
F AT mgeR dad wWeR dlo] Seibl d4skal Type  Maximum displacement [mm] Maximum stress [MPa]
o, 1,000 N9 d-& Ft}. Fig. 4(by= & 3lo] & :
. o B Foick Fig 4b)= B0l Vel BoPF oas EVET
© A& AAs] sl g HE Aados HAT mgo|th
Fig. 5= nTop Z= IS T3l 44 AlEdo]Ad 4l AAl Table 4 Maximum displacement of tools by 3 lattice structures
FolH, Z+ Az 9 Az A FAE mE 3] o Maximum displacement [mm]
vig) 9 Ao g2ol el Yerf gk, Table 32 71 A<l Type 127 14T 16T
Solid 7+ 2] o W] 9 o 3¢ k& vehd Zojct. BCC 0.62 0.60 0.57
Solid 7z &+ Bit| o] 2o W] g5 0.45 mm, Xt 32 gk FCC 0.58 0.56 0.53
2 24432 MPa® =A% Qit). Table 4= 371X AR} A FHA 9l Gyroid 0.57 0.55 0.53

e Axpre Al 2 viee] A el gkl gt =
o], Table 5= 7} Tt Zo) 28] 7+ ekl olch. 24 Table 5 Maximum stress of tools by 3 lattice structures

9] FeAAM3I7HA] AR o] gt B R AR A A7 Type Maximum stress [MPa]

S/hdeE W9 glo] Wokls ACR depdth Hd 5 1.2T 14T 1.6T
#ellA= BCC 5 FCC 29| 5+ vit)= A% A FA7E 5 BCC 369.82 369.68 380.27
7V 82 grol okX| Ak Gyroid F20] F vl 4 Fec 38652 39097 44001

2 A E7 1.4 mmoAE ol A|uk 1.6 mmojAl: Yolx|:= Gyroid 301.64 330.05 325.78
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Table 6 Static stiffness analysis results for tool bodies of each
Lattice structure with a 1.2 mm grid line thickness

Type Displacement [mm)] Static stiffness [N/mm]
Solid 0.45 2,240
BCC 0.62 1,613
FCC 0.58 1,719
Gyroid 0.57 1,768

ol 53l A2 Al A 16 mme] B vie)zk
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Fig. 6 Natural frequencies of tool bodies by lattice structure

Table 7 Results of modal stiffness analysis for tool bodies of each
Lattice structure with a 1.2 mm grid line thickness

Type Natural frequency [Hz] Modal stiffness [N/m]
Solid 975.12 1.44E+07
BCC 886.25 0.99E+07
FCC 906.14 1.06E+07
Gyroid 917.05 1.08E+07

(

o BT 2 AR dlege) At 7k & 3Ast
o AFsh=s dol A AR ALRETH13].

kModal = (275f)2 xm (2)
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EOS M 290
EOS M 290

Fig. 7 3D printing equipment

Table 8 Specification of 3D printing equipment

Build volume 250 x 250 x 325 mm

Laser type YD fiber laser: 1 x 400 W
Precision optics F theta lens: High speed scanner
Scan speed Up to 7.0 m/s
Focus diameter 100 pm
Power supply 1x32A
Power consumption Max 8.5 kW / Typical 2.4 kW
Compressed air supply 7 Bar: 20 m*/h

Table 9 Properties of Maraging steel powder material

Part density 8.0-8.1 g/cm?
Part Accuracy (Small) Approx. +50 um
Part Accuracy (Large) Approx. £0.1%
Layer thickness 40 pm
Hardness rockwell C 50-57 HRC

4. ST HIC| MEH H 24

4.1 7 diC| M=

AR RA2 o 7 YR 2N BE 12 mme) A
A EAR Qed Ft v S AE AR5} Fig. 72
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Fig. 8 Endmill tool body manufactured using PBF additive
manufacturing
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Fig. 9 Endmill tool body with polished shank
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(c) FCC tool body: 326 g (d) Gyroid tool body: 326 g

Fig. 10 Weight measurement of the manufactured Endmill tool
bodies

Fig. 11 Dimension measurement set up

Table 10 Dimension information for endmill tool bodies

Type Run-out [mm] Diameter [mm)]
Solid 0.067 19.042
BCC 0.042 19.049
FCC 0.038 19.012
Gyroid 0.009 19.038

Solid BCC
027 - - 1 027

y = 0.000459x + 0.001390 y = 0.000624x + 0.001950
R*=0.9968 R*=0.9981

0.15} { 0.15}

0.1} 0.1}

Deflection [mm]
Deflection [mm]

0.05}

300 0 100 200 300

Force [N]

0 100 200
Force [N]

FCC ) Gyroid

02

y = 0.000587x + 0.002113 y = 0.000584x + 0.000874
R*=0.9957 R*=0.9961

0.15}

0.1}

Deflection [mm]
Deflection [mm]

. . ) 0 . .
0 100 200 300 0 100 200 300
Force [N] Force [N]

Fig. 12 Static stiffness graph for each tool bodies
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Fig. 13 Comparison of static stiffness data

Fig. 14 Photos of the fabricated endmill tool

(b) Endmill set up

(a) Ti-6Al-4V workpiece

Fig. 15 Machining experiment set up

Table 11 Machining conditions

Parameter Value
Cutting velocity [m/min] 50
Feed rate [mm/tooth] 0.05
Axis depth [mm] 2
Radius depth [mm] 4

Aol2 Fo) WA 71 UFS AN Fig 15 7k Age
A A 2 gAY ARelTh A ek W
(TH6ALAV)S ALgBIE oM, 37 el 09 B Fof e
§ 7H AASTE Table 12 78 2242 Uehdl 2 1714
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o 72 A3k, Solid 37| 715 ¥l A7) ghol g A ket
sHon], AR ARIE T FAHE Gyroid 379 713
ALY grol 71 s ekt ol e Aake 94 27
o 3 vk ] A4 ghol FFE 713 Aoz B

Table 12 Surface roughness of endmill

Type Surface roughness [pm, Ra]
Solid 0.337
BCC 0.651
FCC 0.483
Gyroid 0.482
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Influence of Cyanoacrylate Adhesive Dip Coating on the Mechanical
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Material extrusion (MEX) is widely used in additive manufacturing due to its simplicity and compatibility with various
thermoplastics. While adhesive coating is commonly applied to enhance the watertightness of MEX-fabricated (MEXed)
structures, its impact on mechanical properties remains unclear. This study investigated the effect of cyanoacrylate adhesive
dip coating on the mechanical behavior of MEXed polylactic acid (PLA) specimens. Tensile specimens were fabricated in
both longitudinal and transverse orientations and coated with two commercial cyanoacrylate adhesives, Loctite 401 and
Alaska 4001. The coating process was repeated 2, 4, and 6 times, followed by cross-sectional observations and tensile
testing. The results indicated that the cross-sectional area increased with an increasing number of coating repetitions,
regardless of adhesive type or infill pattern. Tensile strength generally decreased after coating, with reductions of 10.6—
14.7% after six coating cycles. In contrast, the elongation at break increased after coating treatment. For Loctite 401, the
maximum increases were approximately 35.1% and 124.1% for the longitudinal and transverse specimens, respectively,
while Alaska 4001 resulted in maximum increases of approximately 29.7% and 48.3%, respectively. These findings suggest
that adhesive dip coating significantly alters the mechanical behavior of MEXed PLA structures and requires optimization to
balance strength and ductility.

Manuscript received: June 15, 2026 / Revised: August 11, 2026 / Accepted: September 1, 2026

1. Introduction

Additive Manufacturing (AM) has been widely adopted in
various industrial fields owing to its capability to fabricate complex
geometries without molds or dedicated tooling [1,2]. Among
various AM technologies, Material Extrusion (MEX) is one of the
most widely utilized processes due to its high accessibility, cost-
effectiveness, and compatibility with a wide range of thermoplastic
materials [3,4]. In particular, MEX has been actively employed not
only for rapid prototyping but also for the fabrication of functional

Copyright © The Korean Society for Precision Engineering

and structural components [5]. Owing to these advantages, MEX-
fabricated (MEXed) structures have been increasingly utilized in
applications involving fluid or gas flow, including fluid containers,
microfluidic channels, housings, ducts, and storage components
requiring liquid sealing performance [6-8].

However, the layer-by-layer deposition nature of the MEX
process and the circular geometry of the extrusion nozzle
inherently generate microscopic gaps between adjacent deposited
beads and layers. These voids can form interconnected leakage

pathways within the MEXed structure, resulting in insufficient

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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watertightness [9]. In addition to degrading mechanical
performance, such defects can significantly affect the fluid sealing
capability of MEXed parts. Leakage-related defects commonly
observed in MEXed structures include localized delamination
(partial separation between adjacent deposited layers), stringing
defects (unintended deposition of residual molten filament during
nozzle travel movement), and normal porosity (microscopic
internal or surface-connected voids generated during deposition,
which may not be visually distinguishable on the outer surface), as
illustrated in Fig. 1. Among these defects, localized delamination
can induce severe leakage due to the formation of relatively large
interconnected openings, whereas stringing defects and normal
porosity typically result in localized liquid permeation or droplet-
level leakage. Furthermore, in large-scale MEXed structures such
as fluid storage tanks, leakage may become more severe due to the
increased hydrostatic pressure exerted by the stored liquid.

To reduce these defects, various process optimization strategies,
such as increasing nozzle temperature to improve interlayer
bonding, increasing extrusion flow rate, and decreasing layer
thickness to achieve denser deposition, have been employed in
previous studies [10-12]. In addition to process optimization,
several post-processing approaches, including surface coating,
infiltration, and sealing treatments, have been explored to improve
the watertightness of MEXed parts [13-15]. These approaches aim
to block surface-connected defects and prevent the formation of
continuous leakage pathways. Previous studies have demonstrated
that coating and sealing treatments can effectively reduce liquid
permeation and enhance leakage resistance. However, most
existing studies have primarily focused on evaluating leakage
prevention performance, while the influence of coating treatments
on the mechanical properties of MEXed parts has received
relatively little attention. Since coating materials can penetrate
surface defects and inter-bead gaps, they may alter stress transfer
mechanisms between deposited filaments and consequently affect
the mechanical behavior of MEXed structures. Depending on the
coating material and treatment condition, the infiltration of coating
agents into surface-connected defects may either improve
structural integrity by reinforcing weak regions or adversely affect
mechanical performance due to localized stress concentration and
material embrittlement. Despite the practical importance of this
issue, studies systematically investigating both leakage-prevention
performance and mechanical property variation induced by coating
treatments remain limited.

In this study, commercially available cyanoacrylate adhesives
were employed as dip coating materials for MEXed structures to
investigate their influence on mechanical performance. Tensile

specimens were fabricated in both longitudinal and transverse

Localized
delamination

Normal porosity

Fig. 1 Representative leakage-related defects observed in MEXed
parts and their associated liquid leakage behavior

directions and subsequently subjected to repeated dip coating
treatments. Cross-sectional analyses were conducted to examine
the distribution and penetration behavior of the adhesive according
to the number of coating cycles. Furthermore, tensile testing was
performed to evaluate the variations in tensile strength and
elongation at break as a function of coating repetition. The findings
are expected to provide practical guidelines for the application of

adhesive-based post-processing treatments in MEXed structures.

2. Methodology

2.1 Specimen Fabrication

Tensile specimens were fabricated using a MEX system (Al,
Bambu Lab, China). A commercially available white polylactic
acid (PLA) filament with a diameter of 1.75 mm (HS PLA, Hanil
Industry Co., Ltd., Namyangju-si, Republic of Korea) was used as
the MEX material. The specimens were designed according to
ASTM D638 Type I geometry and fabricated in both longitudinal
and transverse infill patterns with 100% infill density to investigate
the influence of deposition direction on the effectiveness of
adhesive coating treatments [16]. The MEX parameters were

maintained constant throughout the fabrication process. The layer
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thickness, nozzle diameter, nozzle temperature, bed temperature,
and nozzle speed were set to 0.2 mm, 0.4 mm, 220°C, 55°C, and
250 mm/s, respectively.

2.2 Dip Coating Treatment

Two commercially available cyanoacrylate adhesives, Loctite
401 (Henkel AG & Co. KGaA, Germany) and Alaska 4001
(Alaska Co., Republic of Korea), were employed as dip coating
materials. According to the manufacturer's technical data sheet,
Loctite 401 exhibits a viscosity of 70-110 mPa-s by the cone-
and-plate method and 100-120 mPa-s by the Brookfield method
at 25°C. In addition, it exhibits a cure time of less than 5 seconds
and a lap shear strength of less than 10 MPa on a thermoplastic
polymer substrate. According to the manufacturer's website,
Alaska 4001 exhibits a viscosity of approximately 100 mPa-s and
a tensile-shear strength of 120-160 kgf/cm? (approximately 11.8—
15.7 MPa). The coating treatment was conducted using a simple
immersion process, as illustrated in Fig. 2. Each tensile specimen
was completely immersed in a container filled with
cyanoacrylate adhesive and held in the adhesive for 10 seconds, a
duration used in previous dip coating studies [17], to allow
sufficient contact between the adhesive and the specimen surface.
After immersion, the specimen was removed from the adhesive
and dried under ambient laboratory conditions for 12 hours. A
small hole was introduced at the grip section of each specimen,
and the specimen was suspended vertically during drying, as
shown in Fig. 2. This configuration enabled the specimen to
maintain a uniform vertical position under gravity and prevented
directional inclination during the curing process, thereby
minimizing variations in coating conditions between specimens.
This procedure was defined as one coating cycle. To investigate
the influence of coating repetition, the coating process was
repeated 2, 4, and 6 times, resulting in three coating conditions
for each adhesive. Three specimens were used for each coating
condition, and the cross-sectional area was compared according

to the number of coating cycles.

2.3 Tensile Testing

Tensile tests were performed to evaluate the influence of
adhesive coating on the mechanical behavior of MEXed
specimens. The tests were conducted using a universal testing
machine (AGX-10kNVD, Shimadzu Corporation,
equipped with a 10 kN load cell. All tests were performed at a

Japan)

crosshead speed of 1 mm/min. For each experimental condition,
three specimens were tested. The tensile strength and elongation
at break were reported as the mean value + standard deviation

obtained from the three specimens.

|
*
—
—

Fig. 2 Dip coating and drying procedures for MEXed tensile
specimens using cyanoacrylate adhesive

2.4 Cross-sectional Observations

Cross-sectional observations were performed to evaluate the
effect of repeated dip coating and the penetration behavior of the
cyanoacrylate adhesives. For macroscopic observation, the cross-
sections of uncoated and coated specimens were photographed
using a smartphone camera. In addition, the cross-sections were
observed using scanning electron microscopy (SEM; Apreo 2S,
Thermo Fisher Scientific, USA) to examine whether the
cyanoacrylate adhesives penetrated into the surface-connected

defects and inter-bead gaps of the MEXed specimens.

3. Results and Discussion

3.1 Effect of Dip Coating in Terms of Cross-section

Fig. 3 plots the variation in cross-sectional area according to the
number of dip coating cycles for specimens coated with Loctite
401 (Fig. 3(a)) and Alaska 4001 (Fig. 3(b)). To provide
representative cross-sectional observations after dip coating,
photographs of the coated longitudinal specimens are shown in
Fig. 4. For both adhesives, the cross-sectional area increased with
increasing coating repetitions regardless of the infill pattern. This
trend indicates that repeated coating treatment gradually
accumulated adhesive on the specimen surface, resulting in an
increase in the overall specimen dimensions. In addition, similar
trends were observed for both longitudinally and transversely
MEXed specimens, suggesting that the influence of coating
repetition on cross-sectional area was not significantly affected by
the infill pattern. The largest increase in cross-sectional area was

observed after six coating cycles for all conditions.
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Fig. 3 Change in cross-sectional area according to the number of dip

coating cycles for longitudinally and transversely MEXed
specimens coated with (a) Loctite 401 and (b) Alaska 4001

Fig. 4 Photographs for cross-section of the dip coated longitudinal
specimens: (a) Uncoated, (b) Loctite 401 with 2 dip coatings,
(c) Loctite 401 with 4 dip coatings, (d) Loctite 401 with 6 dip
coatings, (e) Alaska 4001 with 2 dip coatings, (f) Alaska 4001
with 4 dip coatings, and (g) Alaska 4001 with 6 dip coatings

3.2 Effect of Dip Coating in Terms of Tensile Strength

Fig. 5 shows the tensile strength of the specimens coated with
Loctite 401 and Alaska 4001 according to the number of coating
cycles. For the Loctite 401-coated specimens, the tensile strength
of the longitudinal specimens gradually decreased from 41.6 MPa
for the uncoated condition to 38.8, 38.3, and 35.5 MPa after 2, 4,
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Fig. 5 Tensile strength of longitudinally and transversely MEXed

specimens coated with (a) Loctite 401 and (b) Alaska 4001
according to the number of coating cycles

and 6 coating cycles, respectively. Compared with the uncoated
specimen, the tensile strength after six coating cycles decreased by
approximately 14.7%. The transverse specimens exhibited tensile
strengths of 26.4, 27.9, 24.5, and 23.5 MPa for the uncoated,
2-cycle, 4-cycle, and 6-cycle conditions, respectively. Although a
slight increase was observed after two coating cycles, the tensile
strength ultimately decreased by approximately 11.0% after six
coating cycles compared with the uncoated condition. For the
Alaska 4001-coated specimens, the longitudinal tensile strength
decreased from 41.6 to 38.6 MPa after two coating cycles and
remained at the same level after four coating cycles. After six
coating cycles, the tensile strength further decreased to 37.2 MPa,
corresponding to a reduction of approximately 10.6% compared
with the uncoated condition. Similarly, the transverse tensile
strength decreased from 26.4 to 23.0 MPa after two coating cycles
and remained relatively stable at 23.3 and 23.4 MPa after four and
six coating cycles, respectively. Consequently, the tensile strength
after six coating cycles was approximately 11.4% lower than that
of the uncoated specimen. Overall, repeated adhesive coating
generally reduced the tensile strength of the specimens regardless
of the adhesive type and infill pattern. After six coating cycles, the
tensile strength reductions ranged from 10.6% to 14.7% for the

longitudinally MEXed specimens and from 11.0% to 11.4% for the
transversely MEXed specimens. These results indicate that
excessive adhesive coating may have a detrimental effect on the
tensile strength of MEXed structures.

3.3 Effect of Dip Coating in Terms of Elongation at Break
Fig. 6 shows the elongation at break of the specimens coated
with Loctite 401 and Alaska 4001 according to the number of
coating cycles. For the Loctite 401-coated specimens, the
elongation at break of the longitudinally MEXed specimens
increased from 7.4% for the uncoated condition to a maximum
value of 10.0% after two coating cycles. This corresponds to an
increase of approximately 35.1% compared with the uncoated
specimen. Similarly, the elongation at break of the transversely
MEXed specimens increased from 2.9% for the uncoated condition
to a maximum value of 6.5% after four coating cycles, representing
an increase of approximately 124.1%. Therefore, for Loctite 401,
the longitudinally MEXed specimens exhibited the highest
elongation at break after two coating cycles, whereas the
transversely MEXed specimens exhibited the highest value after
four coating cycles. For the Alaska 4001-coated specimens, the
elongation at break of the longitudinally MEXed specimens
increased from 7.4% for the uncoated condition to a maximum
value of 9.6% after two coating cycles, corresponding to an
increase of approximately 29.7%. In the transversely MEXed
specimens, the elongation at break increased from 2.9% for the
uncoated condition to a maximum value of 4.3% after two coating
cycles, corresponding to an increase of approximately 48.3%.
Unlike the tensile strength results, which generally decreased after
repeated adhesive coating, the elongation at break increased after
coating treatment. Similar improvements in deformation behavior
following surface coating have also been reported for MEXed
PLA. Polyurethane coating was reported to improve the strength
and ductility/toughness characteristics of MEXed PLA by up to
24% [14]. In another study, PCL dip coating increased the
elongation at break of MEXed pure PLA from 7.8% to 13.0%,
corresponding to an increase of approximately 66.7%, despite a
decrease in tensile strength [18]. The enhanced elongation was
associated with surface smoothing by the coating, which could
retard crack initiation at stress concentration sites. Thus, the
increase in elongation at break after adhesive coating can be
attributed to the increase in effective cross-sectional area and the
partial filling of surface defects by the adhesive. These effects can
delay premature failure and allow larger deformation prior to
fracture. However, the elongation did not continuously increase
with coating repetition. After six coating cycles, a slight reduction

in elongation was observed in several conditions. This behavior is
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Fig. 6 Elongation at break of longitudinally and transversely MEXed
specimens coated with (a) Loctite 401 and (b) Alaska 4001
according to the number of coating cycles

associated with the increased proportion of cured cyanoacrylate
adhesives, which are inherently brittle. Excessive accumulation of
the adhesive layer may therefore reduce the deformation capability

of the coated specimens despite the increase in cross-sectional area.

3.4 Stress-strain Behavior and Cyanoacrylate Adhesive
Penetration

Fig. 7 shows representative stress—strain curves of the uncoated
and adhesive-coated specimens in the longitudinal (Fig. 7(a)) and
transverse (Fig. 7(b)) directions. In the legend, 401 and 4001
represent Loctite 401 and Alaska 4001, respectively, while the
numbers following the slash indicate the number of dip coating
cycles. In both directions, the adhesive-coated specimens generally
exhibited a lower initial slope than the uncoated specimens,
suggesting a reduction in the apparent stiffness after the coating
treatment. In addition, the coated specimens generally exhibited
lower maximum stress while sustaining deformation over a larger
strain range before fracture. These observations are consistent with
the tensile test results presented in Sections 3.2 and 3.3, where
adhesive coating generally decreased the tensile strength while
increasing the elongation at break. The reduction in the initial slope
may be partly associated with the increase in the measured cross-

sectional area caused by the accumulation of the cured adhesive
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—: 4001/4
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Fig. 7 Stress—strain curves of uncoated and cyanoacrylate adhesive-
coated MEXed PLA specimens according to the number of
coating cycles: (a) Longitudinal and (b) Transverse specimens

layer. As demonstrated in Fig. 3, the cross-sectional area
progressively increased with repeated coating cycles due to
adhesive accumulation on the specimen surface. Because the stress
was calculated based on the overall cross-sectional area of the
coated specimen, an increase in cross-sectional area without a
proportional increase in load-bearing capacity could result in a
lower calculated stress and, consequently, a lower apparent slope
of the stress—strain curve. Therefore, the observed decrease in the
initial slope does not necessarily indicate a reduction in the
intrinsic elastic modulus of the PLA itself but rather reflects the
mechanical response of the coated PLA-adhesive system. In
particular, the longitudinal specimens exhibited a distinct change in
their stress—strain behavior after adhesive coating. The uncoated
specimen showed a relatively pronounced maximum stress
followed by a stress drop, whereas the coated specimens exhibited
lower maximum stress and extended deformation before fracture.
This indicates that the adhesive coating altered the deformation and
failure behavior of the MEXed PLA specimens. Rather than
directly reinforcing the load-bearing PLA structure, the coating
treatment appears to modify the overall deformation behavior of
the specimens, resulting in a trade-off between tensile strength and
elongation at break.

To further clarify the role of the cyanoacrylate adhesive, cross-
sectional SEM observations were conducted, as shown in Fig. 8.
No noticeable penetration of the cyanoacrylate adhesive into the
internal inter-bead gaps or voids was observed. Therefore, the

cyanoacrylate adhesive made only a limited contribution to
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Fig. 8 SEM images of the cross-sections for verification of
cyanoacrylate adhesive penetration: (a) Uncoated, (b) Loctite
401 with 2 dip coatings, (c) Loctite 401 with 4 dip coatings,
(d) Loctite 401 with 6 dip coatings, (¢) Alaska 4001 with
2 dip coatings, (f) Alaska 4001 with 4 dip coatings, and
(g) Alaska 4001 with 6 dip coatings

reinforcing the internal bead interfaces. Combined with the
increase in cross-sectional area shown in Figs. 3 and 4, these
observations indicate that the adhesive treatment primarily formed
and accumulated as a surface coating rather than penetrating
deeply into the internal structure of the MEXed specimens.
Consequently, the coating treatment influenced the overall stress-
strain response mainly through the formation of an external
adhesive layer, rather than through substantial reinforcement of the

internal bead-to-bead interfaces.

4. Conclusion

In this study, the influence of cyanoacrylate adhesive dip coating
on the mechanical properties of material extrusion-fabricated PLA
structures was investigated using two commercially available
adhesives, Loctite 401 and Alaska 4001. Based on the

experimental results, the following conclusions can be drawn:

The cross-sectional area of the specimens increased with
increasing dip coating repetitions regardless of the adhesive type
and deposition orientation. The largest cross-sectional area was
observed after six coating cycles due to the accumulation of cured
adhesive on the specimen surface.

Repeated dip coating generally reduced the tensile strength of
the specimens. After six coating cycles, the tensile strength
decreased by 10.6-14.7% for the longitudinally fabricated
specimens and by 11.0-11.4% for the transversely fabricated
specimens compared with the uncoated condition.

In contrast to the tensile strength results, the elongation at break
generally increased after the coating treatment. For the Loctite 401-
coated specimens, the highest elongation at break was obtained
after two coating cycles for the longitudinal specimens and after
four coating cycles for the transverse specimens, corresponding to
increases of approximately 35.1% and 124.1%, respectively. For
the Alaska 4001-coated specimens, the highest elongation at break
was obtained after two coating cycles for both the longitudinal and
transverse specimens, corresponding to increases of approximately
29.7% and 48.3%, respectively.

The increase in elongation at break is attributed to the increase
in effective cross-sectional area and the partial filling of surface
defects by the adhesive. However, excessive coating did not
continuously improve elongation because the increased proportion
of brittle cured adhesive limited the deformation capability of the
specimens.

Although improving inter-bead bonding is important for
suppressing leakage in MEXed structures, cross-sectional SEM
observations revealed no noticeable penetration of the
cyanoacrylate adhesive into the internal inter-bead gaps. Therefore,
the coating treatment did not substantially reinforce the internal
bead-to-bead interfaces, which is consistent with the absence of
improvement in tensile strength. Instead, the adhesive mainly
accumulated on the specimen surface and partially filled surface-
connected defects, thereby modifying the deformation behavior
and increasing the elongation at break.

These findings demonstrate that cyanoacrylate adhesive dip
coating significantly affects the mechanical behavior of MEXed
PLA structures. While excessive coating may reduce tensile
strength, an appropriate coating condition can effectively improve
the deformation capability of the MEXed structures. Future work
will investigate a vacuum-assisted coating process to enhance
adhesive penetration into the internal structure. By removing
trapped air from the inter-bead gaps and voids prior to adhesive
infiltration, deeper penetration of the adhesive is expected, and its
effects on internal defect filling and mechanical properties will be

systematically evaluated.
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Directed energy deposition (DED) enables the efficient fabrication and repair of large metal components. However, repeated
reuse of the powder generates degraded particles, which must be removed by sieving. This study used scanning electron
microscopy and laser diffraction particle size analysis to characterize the sieve-rejected Inconel Alloy 939 powder collected
sequentially after each of four DED processing cycles (R1-R4). The rejected powder consistently contained elongated,
irregular, and satellite-attached particles, and its particle size increased progressively with each reuse cycle. The mean
particle size increased by 16.8%, from 51.1 um for R1 to 59.7 um for R4. The Dy, Dso, and Dy values also increased,
with D90, for example, rising from 71.5 to 82.2 um. These results suggest that sieving may serve as an important quality
control step for maintaining powder quality when the powder is repeatedly reused in DED.

1. Introduction

Directed energy deposition (DED) is one of the most widely
adopted metal additive manufacturing (AM) technologies owing to
its capability to fabricate large-scale components, repair high-value
parts, and produce near-net-shape structures with high material
utilization [1-3]. Compared with powder bed fusion processes,
DED offers greater flexibility in repairing or adding material to
existing components, making it attractive for aerospace, energy,
and defense applications [4,5]. Since metallic powders account for
a significant portion of the manufacturing cost, repeated powder

reuse has become an important strategy for improving the
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economic feasibility and sustainability of DED [6,7].

The performance and reliability of the DED process strongly
depend on the quality of the feedstock powder. Powder
characteristics such as particle size distribution, particle
morphology, flowability, and chemical composition directly
influence powder feeding behavior, deposition stability, and the
quality of the fabricated components [8,9]. Consequently,
maintaining consistent powder quality throughout repeated reuse
cycles is essential for ensuring stable processing and reproducible
mechanical properties [10].

During repeated DED processing, the remaining powder is

commonly recovered and classified through a sieving process

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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before being reused [6]. Generally, only powders within a specified
particle size range are reused for subsequent fabrication, whereas
particles outside the allowable size range are discarded [11]. In
addition to particle size, repeated thermal exposure and particle
interaction during the DED process may alter particle morphology
through oxidation, satellite formation, and particle coarsening,
which can adversely affect powder flowability and feeding stability
[12,13]. Consequently, sieving is considered an essential quality
control step for maintaining stable powder delivery during repeated
powder reuse.

Previous studies on DED powder reuse have primarily focused
on the physical characteristics of reusable powder or the
mechanical properties of components fabricated using repeatedly
reused powder [14,15]. These studies have demonstrated that
repeated powder reuse can lead to changes in particle size
distribution, morphology, and chemical composition with
increasing reuse cycles [13,16-18]. However, despite the practical
importance of the sieving process, the powder fractions removed
during sieving have received little attention. These rejected
particles may contain valuable information regarding the
degradation accumulated during repeated powder reuse because
they represent the powder that no longer satisfies the requirements
for continued processing. Thus, investigating the characteristics of
sieve-rejected powder can provide a better understanding of
powder degradation mechanisms and help evaluate the
effectiveness of the sieving process in maintaining powder quality.

In particular, Ni-based superalloy powders are widely used in
DED because of their excellent mechanical properties and
resistance to oxidation and corrosion at elevated temperatures
[19,20]. Previous studies on Ni-based alloys, including IN625 and
IN718, have investigated the effects of powder reuse on particle
morphology, particle size distribution, chemical composition, and
the properties of deposited materials [21,22]. In other words,
relatively little attention has been given to the characteristics of
sieve-rejected powder generated during the repeated reuse of Ni-
based superalloys.

Therefore, this study investigates the morphological and particle
size characteristics of sieve-rejected Ni-based powder generated
during repeated powder reuse in DED. The morphology, elemental
distribution, and particle size distribution of the rejected powder
collected after each reuse cycle were systematically characterized
using scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDS), and laser diffraction particle size analysis.
The findings provide new insights into the characteristics of
discarded powder during repeated DED powder reuse and
demonstrate the importance of the sieving process as a quality

control strategy for sustainable powder recycling.

Fig. 1 SEM micrograph of the virgin IN939 powder

2. Methodology

2.1 Material and Equipment

Inconel Alloy 939 (IN939; GT939, GODTECH, Republic of
Korea) was employed as the feedstock material for the DED
process. The morphology of the virgin IN939 powder used in this
study is shown in Fig. 1. The D, Dso, and Dy, values of the virgin
powder were 51.0, 85.1, and 134.2 um, respectively, with a mean
particle size of 89.4 um. According to the manufacturer's datasheet,
heat-treated IN939 exhibits an ultimate tensile strength of
approximately 1,460-1,560 MPa and an elongation of 9.5-11%,
whereas the as-built material shows a UTS of approximately
1,090-1,160 MPa and an elongation of 24-28%. The nominal
chemical composition of the GT939 powder was Ni (balance),
Cr (22.71 wt.%), Co (19.02 wt.%), Ti (3.77 wt.%), W (2.06 wt.%),
Al (1.94 wt.%), Zr (1.94 wt.%), Ta (1.46 wt.%), Nb (1.01 wt.%),
C (0.14 wt.%), Fe (0.050 wt.%), Cu (0.04 wt.%), Mn (0.003 wt.%),
Si (0.002 wt.%), P (0.002 wt.%), S (0.002 wt.%), N (0.006 wt.%),
0 (0.011 wt.%), B (< 0.10 wt.%), and Mo (< 0.10 wt.%). The DED
process was carried out using an MX-Fab1 equipped with a PCM
Multi system (InssTek Inc., Republic of Korea). The system
employs a Ytterbium fiber laser with a wavelength of 1,064 nm
and a beam diameter of 1,200 pum. The laser power was
automatically adjusted according to the DMT mode during the
deposition process, ranging from 530 to 756 W (DMT modes 1—
10). The scanning speed, layer height, hatch spacing, and nozzle
stand-off distance were set to 850 mm/min, 0.45, 0.8, and 9.0 mm,
respectively. The powder feed rate, powder carrier gas flow rate,
and shielding gas flow rate were maintained at 5.0 g/min, 3 L/min,

and 10 L/min, respectively.

2.2 Powder Reuse and Collection Procedure

A total of 6 kg of virgin IN939 powder was initially prepared for
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Fig. 2 Photographs of the powder reuse procedure in the DED
process, including powder container setting, DED processing,
and powder recovery

the DED process. During each powder reuse cycle, 10 mm X
10 mm x 10 mm cubic specimens were continuously fabricated
until the available powder was completely consumed. Following
each deposition cycle, the used powder was recovered from the
deposition chamber, as shown in Fig. 2, and classified by sieving
using 53 and 150 um meshes, thereby separating the recovered
powder into three particle size fractions: < 53 um, 53—150 pum, and
> 150 pm, as illustrated in Fig. 3. The sieving process was
performed manually for 10 min by hand-shaking the 53 and 150
um sieves. According to previous studies, only the powder fraction
within the particle size range of 53-150 um was considered
suitable for reuse and was employed in the subsequent DED
process [23-25]. Accordingly, the fractions below 53 pm and
above 150 pm, both of which were excluded from reuse, were
collectively defined as the sieve-rejected powder and collected for
physical characterization. It should be noted that, for non-spherical
or elongated particles, passage through the sieve depends on the
particle dimensions and orientation relative to the sieve aperture.
As illustrated in Fig. 3, particles with a shortest dimension larger
than 150 um are retained on the 150 um sieve, whereas particles
with a shortest dimension smaller than 53 pm may pass through
the 53 um sieve depending on their orientation. Therefore, an
elongated particle may pass through the 53 pum sieve even when its
longer dimension exceeds 53 um. The < 53 um and > 150 pm
fractions were not mixed in equal amounts or at a predetermined

mass ratio. Instead, the powder naturally separated into these two

!Characterized i!l this study,

Shortest dimension > 150 pm
- Retained on 150 pm sieve

'Characterized in this study,

% * 1
: .o . '
1 1
1 1
] 1
1 1
1 1
1 1
] 1
1 1
1 1
- _I

Shortest dimension < 53 ym
- Can pass through a 53 pm sieve

Fig. 3 Schematic illustration of the sieving process and powder
classification into reusable (53—150 pum) and sieve-rejected
(<53 and >150 um) powder fractions. Red dashed boxes
denote the powder fractions characterized in this study. (The
particle representations shown in the right panels were Al-
generated for schematic illustration purposes and do not
represent experimental observations.)

fractions during each sieving cycle was collected and analyzed as
the sieve-rejected powder without adjusting their relative
proportions. The amount of the > 150 um fraction may be
relatively small compared with that of the < 53 pm fraction. This
can be attributed to the fact that particles are retained on the
150 um sieve only when their dimensions are sufficiently large to
prevent passage through the sieve aperture, whereas elongated
particles with a longer dimension exceeding the nominal sieve size
may still pass through depending on their shorter dimension and
orientation. Therefore, the particle-size characteristics of the sieve-
rejected powder were primarily influenced by the naturally
generated proportions of the two rejected fractions rather than by
an artificially controlled mixing ratio. The mass proportions of the
two fractions were not separately quantified in this study. The DED
processing—recovery—sieving procedure was conducted for four
consecutive cycles. The sieve-rejected powders collected
sequentially after each DED cycle were designated as R1, R2, R3,
and R4, respectively. R1 represents the first sieve-rejected powder
collected after the initial DED processing of the virgin powder,
while R2, R3, and R4 represent the second, third, and fourth sieve-
rejected powders collected during the subsequent DED cycles,
respectively. No fresh IN939 powder was added between the

consecutive cycles.
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2.3 Characterization

The morphology and elemental composition of the powder
particles were characterized using a field-emission scanning
electron microscope (FE-SEM; Apreo 2S, Thermo Fisher
Scientific, USA) equipped with an energy-dispersive X-ray
spectroscopy system. SEM observations were performed to
investigate the morphological characteristics of the sieve-rejected
powder during repeated powder reuse, while EDS elemental
mapping was conducted to qualitatively examine the distribution of
oxygen. The particle size was measured using a laser diffraction
particle size analyzer (1090LD Shape Analyzer, CILAS, France)
based on the Fraunhofer diffraction theory. Distilled water was
used as the dispersion medium, and the powder suspension was
ultrasonically dispersed for 60 s prior to each measurement to
minimize particle agglomeration. For each powder sample, particle
size measurements were repeated three times (n = 3) using the
same prepared suspension, and the results are presented as the

mean =+ standard deviation.

3. Results and Discussion

3.1 Morphological Characteristics of Sieve-rejected Powder

Fig. 4 presents the SEM micrographs and corresponding oxygen
elemental mapping images of the sieve-rejected powder collected
after each powder reuse cycle (R1-R4). Regardless of the reuse
cycle, the rejected powder exhibited a wide range of particle
morphologies. In addition to predominantly spherical particles,
elongated particles (yellow circles), irregularly shaped particles,
and particles with attached satellite particles were consistently
observed in all rejected powder samples. Compared with the ideal
spherical morphology required for stable powder reuse, the sieve-
rejected powder generally exhibited reduced sphericity and
increased morphological irregularity. The elongated particles are
considered to have originated from repeated thermal exposure and
particle interaction during the DED process, while the attached
satellite particles further increased surface roughness and
geometric irregularity [17,26]. These morphological features are
expected to adversely affect powder flowability and powder
feeding stability. No distinct progressive change in morphology
was observed with increasing powder reuse cycles. Nevertheless,
the same characteristic defects, including elongated particles,
reduced sphericity, and satellite-attached particles, were
consistently identified in all sieve-rejected powder samples,
indicating that these particles had already become unsuitable for
reuse when removed during the sieving process [27,28]. Such

morphologically degraded particles may interfere with stable

100 tm

Fig. 4 SEM micrographs and corresponding oxygen elemental
mapping images of the sieve-rejected powder collected after
repeated powder reuse: (a) R1, (b) R2, (c) R3, and (d) R4.
(Yellow circles indicate elongated particles)

powder transport and increase the likelihood of powder feeding
instability or nozzle clogging during the DED process [29,30].
Therefore, the results suggest that the primary role of the sieving
process extends beyond simple particle size classification. These
results suggest that, by removing particles with degraded
morphology, sieving may contribute to maintaining stable powder
delivery during repeated powder reuse in DED systems. In
addition to the morphological analysis, oxygen was detected in the
rejected powder throughout all reuse cycles; however, no clear
progressive change in oxygen distribution was observed from R1
to R4. The presence of oxygen suggests surface oxidation of the
rejected powder, which is important because oxidation of reused
metallic powders can affect powder characteristics and contribute

to oxide inclusions in subsequently deposited materials [31].

3.2 Particle Size of Sieve-rejected Powder
Fig. 5 presents the changes in the particle size distribution of the
sieve-rejected powder with increasing powder reuse cycles. It

should be noted that the particle sizes measured by laser diffraction
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do not necessarily correspond directly to the sieve aperture sizes.
As observed in Fig. 4, the sieve-rejected powder contained non-
spherical and elongated particles. For such particles, passage
through a sieve depends on particle orientation and dimensions,
and particles with a longer dimension exceeding the sieve aperture
may pass through the mesh when their shorter dimension is
appropriately oriented. In contrast, laser diffraction determines
particle size from the diffraction pattern rather than directly
measuring the dimension governing passage through the sieve.
Consequently, particles classified into the < 53 pm fraction by
sieving may exhibit particle sizes greater than 53 pum in the laser
diffraction analysis [32-34]. This difference between the particle-
size definitions of sieving and laser diffraction explains the
presence of particle sizes exceeding the nominal sieve aperture in
Fig. 5. The characteristic particle size parameters (Djo, Dso, and
Dgp) shown in Fig. 5(a) all exhibited a gradual increase as the
number of powder reuse cycles increased. This trend indicates that
the particle size distribution progressively shifted toward larger
particle sizes during repeated powder reuse. Among the three
parameters, Dgy showed the largest absolute increase, suggesting
that the coarse end of the particle size distribution shifted toward
larger particle sizes with repeated powder use. A relatively greater
increase was observed between R2 and R3, implying that particle
coarsening became more pronounced after multiple reuse cycles.
The mean particle size shown in Fig. 5(b) also exhibited a
continuous increase throughout the powder reuse cycles, which is
consistent with the trends observed for Dj,, Dsy, and Dyy.
Specifically, the mean particle size increased from 51.1 um for R1
to 59.7 um for R4, corresponding to an increase of approximately
16.8%. These results indicate that repeated powder reuse gradually
promoted particle coarsening, thereby increasing the fraction of
oversized particles [13,17,35]. Combined with the SEM
observations presented in Fig. 4, where elongated particles,
reduced sphericity, and satellite particles were identified, the
increase in particle size suggests that the rejected powder became
progressively less suitable for stable reuse [8,36]. The continuous
increase in particle size, together with the non-spherical
morphology observed in Fig. 4, may adversely affect powder
feeding behavior during the DED process. Previous studies have
shown that an increased fraction of larger particles can increase
particle-particle and particle-gas flow resistance during mechanical
metering and pneumatic transport, resulting in a reduced powder
mass flow rate [9]. In addition, both particle size and shape play
important roles in carrier-gas-driven powder transport in DED
systems [29]. The progressive increase in particle size and
morphological irregularity observed in the sieve-rejected powder

may thus make these particles less suitable for stable powder

100
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Fig. 5 Evolution of the particle size of the sieve-rejected powder
with increasing powder reuse cycles: (a) Characteristic
particle size parameters (Do, Dso, and Dgg), and (b) Mean
particle size

feeding. Therefore, the present results suggest that the sieving
process may contribute to maintaining an appropriate particle size
range by continuously removing coarse particles generated during
repeated powder use, which may be beneficial for stable powder
feeding in DED.

4. Conclusion

This study investigated the morphological characteristics and
particle size evolution of sieve-rejected powder generated during
repeated powder reuse in the DED. Unlike previous studies that
primarily focused on the properties of reusable powder, the present
work tracked the powder fractions removed during sieving to
clarify why these particles are unsuitable for further reuse. The
main findings are summarized as follows:

The sieve-rejected powder consistently exhibited elongated
particles, reduced sphericity, irregular particle morphology, and
attached satellite particles, regardless of the powder reuse cycle.

These morphological defects indicate that the rejected powder had
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already lost the characteristics required for stable powder reuse.

The particle size distribution progressively shifted toward larger
particle sizes with increasing powder reuse cycles. All
characteristic particle size parameters (Do, Dso, and Do) increased
continuously, while the mean particle size increased from 51.1 pm
(R1) to 59.7 um (R4), corresponding to an increase of
approximately 17%. These results demonstrate the progressive
coarsening of the sieve-rejected powder during repeated reuse.

Oxygen was detected in the sieve-rejected powder throughout
all reuse cycles. However, no clear progressive change in oxygen
distribution was observed from R1 to R4.

The present findings demonstrate that the role of the sieving
process extends beyond simple particle size classification. By
continuously removing oversized and morphologically degraded
particles generated during repeated powder use, sieving may
contribute to maintaining powder quality and stable powder
feeding in DED. Overall, this study provides new insights into
the characteristics of powder discarded during repeated DED
powder reuse and highlights the importance of sieving as a
quality control process for sustainable powder recycling.
Although this study successfully characterized the sieve-rejected
powder generated during repeated DED powder reuse, it was
limited to the investigation of the discarded powder fraction. The
evolution of the reusable powder fraction (53—150 um) and its
influence on the properties of DED-fabricated components were
not addressed in the present work. Future research will focus on
systematically tracking the physical evolution of the reusable
powder with increasing reuse cycles. Furthermore, the
microstructural characteristics and mechanical properties of
DED-fabricated components produced using the repeatedly
reused powder will be evaluated. These investigations will
provide a comprehensive understanding of powder degradation
throughout the reuse process and establish practical guidelines

for determining the allowable reuse cycles of DED powder.
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I Year of Launching

Journal of Korea Society for Precision Engineering was launched by the Korea Society for Precision Engineering in June of
1984. The name was changed to the Journal of the Korean Society for Precision Engineering in December of 1985.

I Aims and Scope

Journal of the Korean Society for Precision Engineering (JKSPE) is devoted to publishing original research articles with high
ethical standard on all aspects of precision engineering and manufacturing. Specifically, the journal focuses on articles
related to improving the precision of machines and manufacturing processes through implementation of creative solutions
that stem from advanced research using novel experimental methods, predictive modeling techniques, and rigorous
analyses based on mechanical engineering or multidisciplinary approach. The expected outcomes of the knowledge
disseminated from JKSPE are enhanced reliability, better motion precision, higher measurement accuracy, and sufficient
reliability of precision systems. The various topics covered by JKSPE include: Precision Manufacturing Processes, Precision
Measurements, Robotics, Control and Automation, Smart Manufacturing System, Design and Materials, Machine Tools,
Nano/Micro Technology, Bio Health, Additive Manufacturing, Green Manufacturing Technology.

I Fee

Subscription Fee:
This print copy of the journal is provided free of charge to the members of KSPE.

Publication Fee:

1. Basic fee (up to eight pages): 200,000 won; additional pages: 30,000 won per page.

2. Manuscripts contributed as a result of funded research will be charged an extra 50%.

3. Publication fee is charged only for the papers contain ‘Acknowledgement’ that represent supports of academic research
project by th fund of government, institutes or university, etc.

4. Publication fee should be paid within 15 days of the receipt of the publication fee invoice.

I Contact Us

[04508] 12F, SKY1004 Bldg., 50-1 Jungnim-ro, Jung-gu, Seoul, Republic of Korea

TEL +82-2-518-2928 / FAX +82-2-518-2937 / paper@kspe.or.kr / https://www.kspe.or.kr

Submission to Journal of Korean Society for Precision Engineering: https://www.editorialmanager.com/jkspe/
Search for Journal of Korean Society for Precision Engineering: https://jkspe.or.kr/



I Rules for Submitting and Publishing Papers

Article 1 Purpose

The rules are designed to specify matters related to the submission and publication of papers in Journal of the Korean
Society for Precision Engineering (hereinafter referred to as the “Journal”) of the Korean Society for Precision Engineering
(hereinafter referred to as the “Society”).

Article 2 Submitter
The corresponding author and the first author of the submitted paper must be members of the Society. With special
permission by the Editor-in-Chief, however, the person can be treated as the exceptional case.

Article 3 Responsibilities and Compliance with Code of Ethics

A.The Authors are responsible for the submitted paper.

B. With regard to their submitted paper, all its authors must comply with ‘Code of Ethics for Academic Activities of the
Korean Society for Precision Engineering’. When any of the authors violates Code of Ethics for Academic Activities, the
Editor-in-Chief may disallow or cancel the publication of the paper and impose disciplinary actions as specified.

Article 4 Scope of Research

The scope of research for the paper shall cover areas of precision engineering such as Precision Manufacturing Processes,
Precision Measurements, Robotics, Control and Automation, Smart Manufacturing System, Design and Materials, Machine
Tools, Nano/Micro Technology, Bio Health, Additive Manufacturing, Green Manufacturing Technology, and the paper must
not have been published in any other publication.

Article 5 Categorization of Submissions

The paper submitted to the Journal falls into one of the categories below, and should be within eight pages, which may
be exceeded if need be.

A. Ordinary paper: The paper that shows excellent scholarship, practicality, and applicability.

B. Special paper: The paper that is written in accordance with a special provision for special papers.

C. Other submissions: Forecast, explications, lectures, and other writings.

Article 6 Submission

A.The Paper is accepted anytime and submission date is the day submission is completed at the Society.

B.The paper must be written in compliance of the template specified by the Society to be registered and submitted.

C.The paper that is found not to comply with ‘Rules for Submitting and Publishing Papers in Journal of the Korean
Society for Precision Engineering’ and ‘Guidelines for Manuscript Writing’ may not be accepted.

D.The submitted paper shall not be returned.

Article 7 Review and Decision to Publish Paper

A.The Editor-in-Chief shall decide whether to publish the paper or not.

B.The review of the paper is conducted by two reviewers recommended by the Editor-in-Chief, and the review and the
decision over its publication shall comply with ‘Rules for Reviewing Papers for Journal of the Korean Society for
Precision Engineering Paper Review Rules’.

Article 8 Copyright

A.The authors shall be responsible for the content of the paper.

B.The author(s) must transfer the copyright for the submitted paper to the Society, and for this purpose, the
corresponding author(s) must submit ‘Research Ethics and Copyright Transfer Agreement’.

C.The copyright for the submitted paper or other submissions shall lie with the Society and may not be reproduced
without authorization from the Society.

D.The author(s) may use part of their paper or other submissions published in the Journal in their other research,
provided the published paper is referenced as its source.

Article 9 Disclosure of Materials
The Society may disclose a paper or other submissions in print or as online publications.

Article 10 Manual of Style

A.Writing and editing the paper to be submitted to the Society must comply with ‘Guidelines for Manuscript Writing’
provided separately.

B. Editorial Board may edit the selected paper so that terms, characters, and orthography may comply with ‘Guidelines
for Manuscript Writing’.

Article 11 Publication Fees

The author must pay the specified fee for the paper published in the Journal. For the paper that exceeds the specified
number of pages, the author must pay the fee for those extra pages. The fee for extra pages shall be decided by the
board of directors.



I Guidelines for Manuscript Writing

1. Manuscripts should be written according to the format of the Journal (https://www.kspe.or.kr) and should be
submitted online (https://www.editorialmanager.com/jkspe/).

2.The manuscript should be organized in the following order: (1) The title in Korean, (2) The title in English, (3) Author
names in Korean, (4) Author names in English, (5) Affiliations in Korean and English, and information of corresponding
author, (6) Keywords, (7) Abstract, (8) Date of submission, (9) Introduction, (10) Main body (Theory, Experimental,
Results, Discussion) (11) Conclusion, (12) Acknowledgements, (13) References, (14) Appendices, (15) Position format

3. A manuscript may be written in Korean or English. If necessary, the original terminology may be provided in
parentheses to avoid confusion.

4. The manuscript title must be expressed concisely, preferably in ten words or less, and Keywords must be written in
English, with Korean translations in parentheses, and numbering six words or less.

5. The abstract must be written in English and not exceed 200 words. Figures and tables shall not be included in the
abstract.

6. Figures and tables shall be numbered in order in the main text, and captions should be written in English. Captions
shall be labeled beginning “Fig. 1” for figures and “Table 1” for tables.

7. Arabic numbers and Sl units shall be used in principle.

8. References shall be numbered in order of quotation.
(1) Citation in the main text: First author’s last name with reference number in square brackets. e.g.) Hong [1]
(2) References shall be written in English at the end of the main body with the following formats.

e Books: Author names, (Year of publication), Book title, Publisher.
¢ Periodic Articles: Author names, (Year of publication), Paper title, Journal name, Vol.(No.), Cited pages.
e.g.) Hong, K. D, Kim, C. S., (2022), A method to investigate mechanical properties, John Wiley & Sons.
Hong, K. D., (2022), A method to investigate mechanical properties, Journal of the Korean Society for
Precision Engineering, 39(1), 1-18.
9. Appendices shall be formatted in the same way as main body text.

I Author’s Check List

1. Are the affiliations of all authors indicated with the correct symbols?

2. Does the manuscript adhere to the style set forth in the template?

3. Are Korean and English titles written in ten words or less?

4. Are keywords written in English with Korean in parentheses, in six words or less?
5. Are all symbols listed with correct nomenclature and proper description?

6. Are all figures containing abscissas and ordinates labeled with the correct symbols and units?
7. Does the manuscript use Arabic numbers and Sl units?

8.Is the English abstract within 200 words?

9. Are the captions of tables and figures in English, corresponding to the format?
10. Are appendices formatted in the same way as main body text?
11. Is the manuscript written according to the guidelines of the journal?



I Rules for Reviewing Papers

Article 1 Purpose

The Rules are designed to specify matters related to the review of papers submitted to Journal of the Korean Society for
Precision Engineering (hereinafter referred to as the “Journal”) of the Korean Society for Precision Engineering
(hereinafter referred to as the “Society”).

Article 2 Submission and Reception

A.The person who wants to submit the paper to the Journal shall use the Society’s paper submission system to submit
the paper that has been written in compliance with the Society's rules for submitting papers, which the Society shall
receive.

B. Notwithstanding the provision of A., the paper may be submitted and received in other ways so long as the Editor-in-
Chief approves it.

C.The Society shall basically receive papers that are related to the Society’s areas of research. The Editor-in-Chief may
refuse to receive the submitted paper, if it is not related to the Society’s areas of research or has not fulfilled the
requirements. Areas of research are specified in ‘Rules for Submitting and Publishing Papers in Journal of the Korean
Society for Precision Engineering’ and ‘Guidelines for Manuscript Writing’.

Article 3 Selection of Reviewers

A.The Editor-in-Chief shall consider the areas for the submitted paper and assign its review to the Editor in the relevant
area, and the Editor shall assign the Editorial Board Member in the given area as the review supervising Editorial
Board Member.

B.The review supervising the Editorial Board Member shall select and recommend to the Editor-in-Chief who he or she
deems fit for the review of the submitted paper.

C.The paper shall have two reviewers while the third reviewer may be appointed, in which case, the paper shall have
the maximum of three reviewers. Reviewers shall basically belong to the different institution than the authors of the
paper belong to.

D.The Editor-in-Chief shall send the email to the recommended reviewer to confirm the acceptance of the reviewing
duty. In case any of the recommended reviewers refuses to serve as the reviewer, the Editor-in-Chief shall ask the
relevant The Editorial Board Member to recommend some other candidate.

Article 4 Review Procedure

A. Following the comprehensive review of the paper, the reviewer shall record results of the review supported with
objective grounds and make the clear request for revision, if necessary.

B. For the review, the reviewer must choose ‘Accept’, ‘Accept Subject to Minor Revisions’, ‘Re-Review after Major
Revisions’, or ‘Reject’.

Article 5 Review Period
A.The Editorial Board Member for the Journal must select reviewers within seven days from the appointment of the
Editorial Board Member, and the reviewers who are asked to review a paper must complete the review within 14 days
from their acceptance of the reviewer’s duty for the primary review and within seven days for the secondary review.
B.The ruling by the Editor and the Editorial Board Member must be completed within seven days from the reception of
review results.
C.In case the reviewer candidate fails to accept the reviewer’s duty for more than fourteen days from the request, the
candidate may be replaced with another reviewer.
D. If review results fail to arrive for more than three months from the reception of the paper in contravention of the
above provision, the following may be put into action.
@ If one of the reviewers has failed to deliver review results: The Editorial Board Member for the specific paper shall
review it within seven days from the expiry of the three months.
@ If all of the reviewers have failed to deliver review results: The Editor and the Editorial Board Member for the
specific paper shall review it within seven days from the expiry of the three months. If the Editor is the same
person as the Editorial Board Member, the Editor alone may perform the review procedures.

Article 6 Deadline for Author’s Revision

A.The author must resubmit the revised paper that reflects requests for revisions in accordance with the Editor-in-Chief
decision based on review results within thirty days for ‘Re-Review after Major Revisions’ or within fourteen days for
‘Accept Subject to Minor Revisions'.

B.In case a revised paper fails to be submitted for more than thirty days from the submission deadline, the Editorial
Board may cancel its publication, and if the author wants a review to continue, he or she must resubmit the paper.
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Article 7 Decision over Publication

A.The Editor-in-Chief shall make a final decision on whether to publish a paper or not by reviewing the results of the
review by two reviewers and considering the comprehensive evaluation by the editing director and the Editor for the
paper.

B. A paper that has been ruled as ‘Reject’ by two or more reviewers cannot be published in the Journal.

Article 8 Review of Special Papers

A.The Editor-in-Chief shall appoint a Special Editor for supervising the special paper, with recommendations from the
officers of the Society.

B.In case a Special Editor is the Director or the Division Chairman of the Society, the Special Editor shall supervise the
selection of two reviewers for the review of the submitted paper and decide whether to publish it solely based on the
review results. In case the Special Editor is not the Director or the Division Chairman of the Society, the Board of
Editing Directors shall select the Editor for supervising the review of paper.

Article 9 Confidentiality

A.The reviewer shall not disclose his or her assumed status to anyone else.
B.The name of the author may be disclosed to the reviewer.

C. Review results shall not be disclosed to anyone but the author.

Article 10 Objection

A. If the author raises an objection to the review results, the exchange of views between the reviewer and the author
shall proceed through the Editor. When the reviewer and the author want to exchange their views, they can do so
through the mediation of the Editor.

B.The author’s request for the re-review shall not basically be accepted.

Article 11 Review Fee
If necessary, the specified editing fee may be paid to the Editor and the Editorial Board Member, while the specified
review fee may be paid to the reviewer.
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* For the policies on the research and publication ethics not stated in this instructions, International standards for editors and authors
(http://publicationethics.org/international-standards-editors-and-authors) can be applied.

Chapter 1
Overall
Rules

Chapter 2
Author

Article 1 Purpose

This regulation aims to establish the ethical standard for the members of this institute to comply with and to contribute
to the healthy development of academics and society in order for our academic activities related with the Korean
Society for Precision Engineering (hereinafter referred to as the “Society”) to not infringe the dignity and value of
human beings and maintain a high ethical standard that does not damage the benefits of public society.

Article 2 Application Area of Code of Ethics

A. The code applies to the overall academic activities including all academic journals, academic conferences,
symposiums, workshops, forums, etc. published and held by the Society.

B. The code applies to all authors, reviewers, Editorial Board Members (hereinafter referred to as “EBM”, and hands-on-
workers in the service bureau related with the above academic activities.

C. Other items not set forth above may comply with this article, each level of regulations of Ministry of Education and
its annex institutions.

Article 3 Scope of Misconduct

Misconduct suggested in this code include forging, falsification, plagiarism, and false indication of the author of the

paper in academic activities, papers and presentations related with the society, and are as follows:

A. ‘Forging’ is the act of creating false data or non-existent research results.

B. ‘Falsification’ is the act of perverting research content or results by artificially modifying research ingredients,
equipment or processes, or arbitrarily modifying and deleting data.

C. ‘Plagiarism’ is the act of appropriating others’ ideas, research contents or results without proper approval or
quotation.

D. ‘False indication of the author of the paper’ is the act of not granting the qualification as an author of the paper
without a reasonable cause to a person who contributed scientifically or technically on a research content or result,
or granting qualification of an author of the paper to a person who did not contribute scientifically or technically to
express gratitude or show respect.

E. ‘Duplicate publication’ is the act of publishing the same content to two or more academic journals.

F. Activity of intentionally interfering investigation on the doubts of one’s own or other’s misconduct, or disturbing the
informant.

G. Activity that seriously deviates from the scope commonly accepted in the science and technology sector.

H. Activity other than the misconduct set forth above that needs to be independently investigated or prevented by the
Society.

Article 4 Honesty of Author

A. The author shall be honest in research carried out by an individual. Here, honesty refers to honesty in overall
research processes including derivation of ideas, designing experiments, analyses of experiments and results, research
funds, publishing research results, and fair compensation to research participants.

B. The researcher shall consider plagiarism, fraud, manipulation and falsification during research as serious criminal
activities, and endeavor to prevent these misconducts.

C. The author shall announce and properly respond in case of contradiction or the possibility of contradiction of
benefits of one’s own and others or other institutions.

Article 5 Authorship

It is recommended for every author including the first and corresponding author that authorship be based on the

following 4 criteria:

A. Substantial contributions to the conception or design of the work; or the acquisition, analysis, or interpretation of
data for the work; AND

B. Drafting the work or revising it critically for important intellectual content; AND

Final approval of the version to be published; AND

D. Agreement to be accountable for all aspects of the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated and resolved.

0
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Chapter 3
Roles and
Responsibilities
of Members
of Society

Article 6 Compliance of Authors
A. During the research implementation process of the submitted paper, the author shall respect human rights, comply

with life ethics, and obtain universality such as environment protection.

. In the submitted paper, the author shall accurately illustrate the research content and its importance without

perverting the research result.

. The submitted paper shall comprehensively include an academically valuable result and its basis of argument. If the

paper asserts for a conclusion similar to an already announced paper, it should be academically valuable for a new
basis of argument.

If citing a public academic data, its source must be clearly stated. For data obtained from an undisclosed paper,
research plan or personal contact, it should be cited after consent from the researcher who provided the information.

. Using the whole or part of another researcher’s research result without citing the reference corresponds to

plagiarism and is not allowed.

. The activity of duplicate publication by an author in the journal issued by the society where the paper is already

published or planning to publish in other academic journal is considered misconduct and not allowed. Submitting
content already presented in academic conferences or seminars by rewriting in a paper according to the academic
journal standard is generally accepted, but it must additionally have an important research result for the relevant
presentation.

All researchers who made important contributions to research implementation shall become co-authors, and the
representative author of the paper must have consents from all co-authors. For outside academic support such as
administrative and financial support, provision of research data or simple academic advice shall be indicated in the
‘Acknowledgement’ for its content.

Indicating a person who did not make academic contribution to research or falls short of contribution based on
causes outside academics is unethical conduct that defames the dignity of academics.

. In relation to copyrights, if approval of a person in charge is needed, the author must be granted approval before

submission of the paper, and confirm that there will be no dispute of contract or ownership that may be affected by
the publication of said paper.

Article 7 Compliance of Editorial Board Member (EBM)
A. The EBM shall fairly and objectively execute the revision process of the paper according to the set regulation without

prejudice on the author’s gender, age, race, affiliated institution or personal acquaintanceship with the author.

B. The EBM shall determine whether to reconsider or publish the paper based on the consistent standard of the review

C.

results for the submitted paper.

If it is determined that due to the lack of EBM’s knowledge in the research area of the submitted paper, there may
be difficulty in judging the result, the EBM may be advised by a person with professional knowledge in the relevant
area.

. The EBM shall not disclose or make use of the information acquired in the review process to others. Before the

publication in the journal, it is not even allowed to cite the content of the relevant paper without the consent of the
author.

. The EBM has the responsibility to monitor any unethical activity of the author and reviewers, and when ethically

inadequate behavior is discovered; the EBM shall investigate and give proper sanction as required by immediately
reporting to the Editor-in-Chief.

. If the submitted paper has direct interest with the EBM, it should be reported to the Editor so that the relevant

paper can be examined by another EBM.

. In case of reasons that prevent the EBM to promptly process the duty, it is advised to report to the editorial office

of the society or the Editor.

. In case of discovering any unethical activity from a submitted paper or reviewing process, or in case of deprecation

on unethical activities, the Editor shall determine the importance of the case, and organize an Investigation
Committee with EBM in the relevant area if needed. The Editorial Board determines the level of sanction to the
relevant person based on the report by the Investigation Committee, and if the already published paper is related,
the publication of the relevant paper may be retracted and cancelled.

Article 8 Compliance of Reviewers

A.

The reviewer shall fairly and objectively perform reviewing duty for examining the paper according to the set
regulation without the prejudice on the author’s gender, age, race, affiliated institution or personal acquaintanceship
with the author. Personal academic beliefs that have not been completed, verified or under judgment based on
assumption must be eliminated.

. The reviewer, in order to assure the secrecy of reviewing the paper, must not disclose or make use of information

acquired in the process of reviewing to others. Before the publication of the paper, it is not allowed to even cite the
content of the relevant paper without the consent of the author.
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Chapter 4
Verification
Process and
Standard

C.

The reviewer must respect the personality of the author as a professional. The reviewer shall endeavor to write the
objective reviewer’s opinion in an academically modest way by eliminating personal and subjective evaluations and
offensive expressions. The reviewer shall state in details the review comments and basis for the comments of the
paper under review.

. It is prohibited to request for additional information or explanation to the author for the reviewer’s personal
purpose.

. If the similar content to the paper disclosed in other academic journal has been included in the paper without

citation, the EBM should be notified in detail.
If the reviewer is in direct interest with the requested paper or it is determined that the reviewer’s own professional
area is not suitable for examining the submitted paper, the reviewer should immediately notify the EBM in charge so
that other reviewers may be appointed. Also, in case of reason for not being able to finish the review within the
deadline, it needs to be notified to the EBM.

Article 9 Ethics Committee

A

In case of breach of ethics and suspected cases during academic activities, the society may organize an Ethics

Committee (hereinafter referred to as “Committee”) to investigate the truth.

Organization and Duties of Committee

@ The Committee shall be composed of one chairman and five members.

(@ The Vice-President in charge of academic affairs shall be the chairman, and members shall be selected from the
board of directors, and appointed by the chairman.

(® The chairman and members shall take office for 1 year from January 1 to December 31 and can be reelected.

(@ The chairman shall represent the Committee and take charge of overall duties for ethics of society.

Article 10 Function of Ethics Committee
The Committee shall act in the following manners:

A

B
C
D
E

. Establish and promote research ethics.

. Prevent and discourage research misconduct.

. Deliberate and vote on research misconduct.

. Determine sanctions for wrongdoers and report the result to the board of directors.

. Improve and enhance other research ethics.

Article 11 Convocation and Voting of Ethics Committee

A.

The Committee shall be convened by the chairperson as needed, held in attendance of the majority of members,

and resolved by over two-thirds of registered members’ agreements.

. The decision shall be notified to the suspected person (accused) of misconduct, and the explanatory opinion shall be
received in writing within 15 days.

. The Committee shall review an explanatory opinion from the suspected person of misconduct, and hear an opinion
if needed before making the final decision.

. The decision shall be reported to the board of directors for the final decision.

. If the chairman deems it necessary, opinions by a person other than external personnel or members can be heard.

Presented content by participants and details of the Committee shall be undisclosed in principle.

Article 12 Reporting Research Misconduct

A

Research misconduct may be reported in writing with related documents attached according to the five W’s and one

H. However, even if anonymously reported, if it is clear based on the five W’s and one H, the Committee may review

the initiation of investigation.

. The Society shall endeavor not to give any disadvantage, discrimination, unreasonable pressure or damage to the
informant for reporting misconduct.

. The identity of the informant shall not be subject to disclosure, and the best measures shall be taken to prevent
identity disclosure.

. In case the informant wishes to know the investigation schedule and procedure after reporting misconduct, the

Society shall respond sincerely.

. The informant who made the report although it was known or it could be known that the information given is false

shall not be subject to protection.
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Article 13 Sanctions on Research Misconduct and Follow-up Actions

A

B.

The author whose research misconduct has been confirmed shall be imposed with sanction by selecting from the

following considering the severity of the misconduct according to the decision made by the Committee:

(@ Cancel publication of relevant research subject to the Society publication

(@ Prohibit submission of paper to the journal issued by the Society for five years

(® Prohibit presentation in the Society academic conference for five years

@ If the relevant paper has already been published, notify cancellation of publication in the relevant academic
journal, and notify the misconduct to the affiliated institution of the wrongdoer

(® Cancel membership to the Society

If the informant intentionally made a false report, the sanction equivalent to the research misconduct may be given

according to the decision of the Committee.

Article 14 Protection of Rights of Examinee

A.

The examinee refers to a person who has become the subject of investigation for misconduct due to the report or
cognition by the Society or related institution, or a person who has become the subject of investigation by
suspecting of taking part in misconduct during the investigation process. The examinee shall not include testifiers or
witnesses.

. The Society shall be careful not to violate the dignity or rights of an examinee during the verification process. Also,

until the confirmation of the results, the examinee shall have an equal opportunity for objection or defense, and
shall be notified in advance of the related procedure.

. The suspicion on misconduct shall not be disclosed to the public until the judgment has been confirmed. However,

this does not include cases where serious risk may be present to public welfare or social norms.

. The examinee may request for investigation and processing procedure as well the processing schedule for misconduct

to the Society, and said the Society shall respond sincerely.

Article 15 Disclosure of Record and Information of Investigation

A.

The Committee shall store the investigation report of the entire investigation process obtained in the form of voice,
video or written document for at least 5 years.

. The report of investigation and list of investigators may be disclosed after judgment has been made.
. If the list of investigators, witnesses, testifiers, or consultants has the possibility to cause disadvantage to the

concerned personnel, it may not be disclosed.

Article 16 Report of Investigation Result

A.

B.

The Committee shall report the confirmation of the examined content to the board of directors within 6 months of
the submission date after completion and judgment of the investigation.

The report of the result must include each of the following items:

@ Content of information

(@ Misconduct subject to investigation

() List of investigators of Investigation Committee

(@ The role of the examinee in the relevant research and validity of misconduct

(® Related evidence and witnesses

(& Objection or defense by informant and examinee, and its processing result

C. Until the final judgment on the research misconduct, it must not be disclosed to the public.



I JKSPE Copyright Transfer Agreement

Manuscript Title (KOR):

Manuscript Title (ENG):

Manuscript Authors (all):

Affiliation:

C

orresponding author’s ORCID:

[

1

lease read this form carefully before signing:

. The submitting/corresponding authors (hereafter referred to as “authors”) warrant that the copyright shall be transferred to the Korean
Society for Precision Engineering (KSPE) when the manuscript is accepted, and the KSPE will own the exclusive rights.

. Authors certify that they have not impinged upon the rights or copyrights of other researchers, and have attained legal copyright to display
items from the original copyright owners.

. Authors certify that they have indeed contributed to the outcomes and writing of their manuscript and are responsible for the contents
therein.

. Authors may use or reproduce part of the published work in an annual report, magazine or another journal. In this case, they should
inform the KSPE of the reproduction and cite the work with proper citation information.

. Authors have never published the same work in any other journal and are not planning to do so.

. Authors certify that they will abide by the ethics regulations of the KSPE related to academic activities. Authors also agree to CrossRef
verification of the manuscript for prevention of duplicate publication and plagiarism.

. The corresponding author is aware of the items 1-6 and agrees to them.

. The KSPE will have the right to delay or cancel the publication if authors do not adhere to the above statements.

. Corresponding author has the full authority to sign the Statement of Copyright Transfer form on behalf of all the co-authors.

Name Signature

Date A digital signature affixed on an electronic document shall have the

same effect as a handwritten signature by the Korean Digital Signature

Act. Please select a preferred method to sign this agreement.

Journal of the Korean Society for Precision Engineering (JKSPE) Editorial Office

1

2F, SKY1004 bldg., 50-1, Jungnim-ro, Jung-gu, Seoul 04508, Republic of Korea

Fax: +82-2-518-2937; Phone: +82-2-518-2928; E-mail: paper@kspe.or.kr



International Journal of Precision Engineering and Manufacturing

Volume 27 - Number 10 - October 2026

REGULAR PAPERS

Cavitation Flexible Microforming Mechanism
and Quality Analysis of Complex Micro-Box
Components
Y.Sun-W.Meng-F.Li-P.He-J. Pu-

Y. Wang 3893

Rigid/Flexible Medium Combination Superplastic
Forming of Industrial 5083 Aluminum Alloy
Front Windshield Panel with Large-size

and Complex-shape

Z.Du - X.Dai- Y. Zhang - X. Zhang - Z. Zhao -
H.Li-G. Wang 3909

Investigation of Green Nanofluid in Minimum
Quantity Lubrication for Broaching
S.Wu-J.Wen-Y.Cui-J.Ni-J.Gu-Z. Rong 3923

Disturbance Rejection and Robust Tracking
Using a Compound Control Approach for
RFC Linear Motor Motion Stage

K.H. Yang - H.-J. Ahn 3943

Development of High-speed Railway Wheel
Ultrasonic Inspection System using Pulse-echo
and Pitch-catch Technique

Y.-W. Choi - M.-S. Kim - H.-J. Kim - S.J. Kwon -
S.-J. Song 3951

Analytical Optimization of Tetrahedral

Mirror Corners as Geometrical Reference

for High-Precision Nanopositioning Systems

S. Eisele - J. Belkner - I. Ortlepp - T. Frohlich 3975

Miniaturized Optical Measurement System
for Five-Degree-of-Freedom Geometric Errors
of Linear Axes and Compensating Thermal
Deformation in Linear Positioning Axes

H.-H. Chiang - C.-S. Liu - W.-J. Chen -

Z.-K. Chen - C.-C. Cheng 3987

Compliant Positioning of Sphere Head Using
Fuzzy Variable Damping Admittance Control
for Large-Scale Aircraft Component Assembly
S. Liang - L. Wang - Q. Fang - Y. Wei 3999

Anthropomorphic Dummy Robot for the
Wearable Robot Performance Evaluation
C.-H. Lee - K.-W. Gwak 4015

Digital Twin-based Sensor-Free Virtual Mapping
for Autonomous Mobile Robot Localization
H.-C. Lee - H.-M. Woo - S. Shin 4029

Advanced Wafer Hotspot Detection through
Image Segmentation and Stacked Model

A. Raza - J.C.M. Espinosa - D.L.R. Vargas -
M. Shafiq - I. Ashraf 4041

A Modified GTN Model to Predict the Damage
Mechanism of Al-Zn-Mg—-Cu Alloy Conical
Parts During Warm Spinning
J-F.Wu-Z.-J.Chen-D.He - Y.C.Lin 4057

Federated Learning for Privacy-Preserving
Quality Prediction in the Globalized Plastic
Injection Molding Industry
J-Y.Kim-S.Lee-J. Yu-J. Lee- S. Ryu 4077

Development of Tools for Dry Polishing and Wet
Polishing of Hard and Brittle Stone Materials
Y.Shen -J.Lu-L. Yang - C. Cui - S. Huang 4095

Mechanical Analysis of Plate Harmonic Reducer
Considering Deformation of Thin-Plate Flex Spline
S. You - E. Sung - D. Kim - J. Kim - J. Park 4113

Thermal Network Modeling for Battery Tab
Laser Welding: Predicting and Mitigating
Thermal Damage at Manufacturing Scale
Y.Lee-Y.Lee-C.Han-H.Kim-J. Cho 4135

Experimentally Supported Nonlinear Finite
Element and Topology Optimization
Framework for Lightweight Design of

a GH60 Cast Iron Steering Knuckle
I.Inan- C. Yuce 4147

Optimisation of the Injection Moulding Process
for Thick-Walled Parts Using Conformal
Cooling Channels and CuBe Alloy Inserts

J. de Carvalho Teixeira Baifus - F. Marin - D. Porto -
P.P. de Andrade Jr. - A. Fagali de Souza 4167

Analysis of Hexagonal Honeycomb-Based
Piezoelectric Energy Harvesting Under
Random Vibrations: Analytical and

Numerical Solutions

Y.Jin-H. An - G. Park - W. Kim - H. Yoon 4191

Position-Independent Geometric Error
Identification and Compensation for
Five-Axis Machine Tool Using
Projection-Based Fitting Methods

T.-H. Zhang - Z.-W. Jian - M.-S. Tsai 4205



Modeling and Compensation of Geometric
Errors in Heavy CNC Machine Tools Based
on Conformal Geometric Algebra

L. Yang - Y. Zhang - M. Li - M. Zheng -
P.Zhao 4227

Numerical Simulation and Mass Transfer Analysis
of Ultrasound-Enhanced Metal-Assisted Chemical
Etching for Silicon Nanopore Fabrication

X. Chen - X. Zhang - H. Wang - H. Zhang - J. Long -
G.Lin- H. Liu - Y. Chen - X. Chen 4247

Dual-Interface Stabilization Enables Mechanically
Robust and Air-Stable Flexible PbS Quantum

Dot Solar Cells

H.C. Shim 4263

High-Resolution Tri-Modal Particle Separation
Using a Horizontally Extended Cruciform
Microchannel via Newtonian/Viscoelastic Co-Flow
S.Baek - J. Jang - S.J. Lee - Y. Cho 4271

Gait Simulation Method Using the Damping
Characteristics of a Linear Hydraulic Cylinder
for Microprocessor-Controlled Knees

H. Shin - S. Park - S. Jung - H. Lee - Y. Chang -
H. Choi - J. Park 4287

Kinematic Analysis of Three Different Reconstruction
Techniques for Scapholunate Dissociation:
A Cadaveric Biomechanical Study

I.-J. Park - S.-H. Kang - J.-Y. Lee - J.-H. Im - Y.-T. Roh -

D.-S. Kwak 4305

Are Standard High Tibial Osteotomy Strategies
Appropriate for Patients With a Discoid
Lateral Meniscus?

T.S. Bae - B.W. Jung 4317

Experimental Image-Based Framework for
Quantifying Boundary-Condition Sensitivity
in Compression Tests from in-Situ Videos
Using SSIM

K.Y. Yu:J.W. Cho - J.S. Park - J.-W. Choi -
ILH. Lee 4331

Multiscale Numerical Simulation and Experimental
Study of Laser Cladding of Titanium Alloy Material
Z.Guan - A. Yang - B. Tang - H. Zhou - F. Yu -

S. Dong 4347

Process Research on Laser Ablation Fabrication
of Non-equidistant Depth 3D Flow Fields

for PEMFC Metal Bipolar Plates

C.Gao- M. Wu- A.Chen-Q.Gu- Q. Sun-

M. Gao - Z. Mao 4361

REVIEW PAPERS

Advancing Strength and Durability of Dissimilar
Al/Mg Friction Stir Butt Welds: A Review
R. Maurya - S. Ariharan - P.K. Katiyar 4375

Research Landscape and Prospects of Bio-Inspired
Soft Grippers

M. Gong - E. Lu - Z. Wei - M. Hou - L. Tan - T. Weng -
L. Feng -J. Hou 4423

CORRECTION

Correction: Mechanical Analysis of Plate
Harmonic Reducer Considering Deformation
of Thin-Plate Flex Spline

S.You - E. Sung - D. Kim - J. Kim - J. Park 4443

Further articles can be found at link.springer.com

Abstracted/Indexed in BFI List, Baidu, CLOCKSS, CNKI,
CNPIEC, Dimensions, EBSCO Discovery Service, Google
Scholar, INSPEC, Japanese Science and Technology Agency
(JST), Journal Citation Reports/Science Edition, Korea Citation
Index (KCI), Naver, Norwegian Register for Scientific Journals
and Series, OCLC WorldCat Discovery Service, Portico,
ProQuest-ExLibris Primo, ProQuest-ExLibris Summon,
SCImago, SCOPUS, Science Citation Index Expanded (SCIE),
TD Net Discovery Service, UGC-CARE List (India), WTI AG,
Wanfang

Instructions for authors for Int. J. Precis. Eng. Manuf. are
available at www.springer.com/12541



International Journal of Precision Engineering
and Manufacturing-Green Technology

Volume 13 - Number 5 - September 2026

REGULAR PAPERS

Evaluation of Sustainability-Oriented Route to Produce
CoCrFeNi High-Entropy Alloy Spherical Agglomerates
Using Hydrogen Reduction

M. Kim - T. Im - G.M. Mongella - N.M. Bayi -

C.S.Lee 2137

Framework Guided by Environmental Analysis for
Comparing Manufacturing Alternatives in Laser
Cutting

M. Ramard - M. Miroir - R. Laniel - O. Kerbrat 2149

Large-field-of-view, high-resolution imaging of
microfeatures via geometry-optimized reattachable lens
and deep learning-based super-resolution

Y.T.Kim - J.S. Lee - M. Kim - Y.-D. Park - H. Youn -
J.G.Ok 2169

Drilling Performance of Cemented Carbide Microdrill
Cutting Edges Prepared by Shear Thickening Polishing
M.Ke - Y. Zhou - Y. Chen-F. Wang - D. Li - L. Shao -
J.Wang - B.Lyu 2187

Integrated Fabrication of Glass Microfluidic Devices
Using PCD Microgrinding and Calcium-Assisted
Bonding

M.C. Shin - H.J. Choi - S.Y. Kim - B.H. Kim -
G.M.Kim 2211

Thermally and Structurally Robust Design of Through
Glass via Arrays Using Multi-objective Optimization
and Machine Learning-Based Geometry Prediction
Y.T.Kim - J.S. Lee - J.G. Ok 2223

Strategy of Cost Reduction in Copper Chemical
Mechanical Polishing: Enhancing Removal Rate and
Uniformity Via a Novel Slurry Sweep Mode
L.Zhang - H.Ci- X.Lu 2241

Thermal Behavior in Micro-Grinding of Ti-6Al1-4V
Using an Environmentally Friendly Nanofluid-Based
Air-Flow-Assisted Electrospray Lubrication (AF-ESL)
P.-H. Lee - M. Kim - S. Shin - S.W. Lee 2257

Investigation of the Machinability Characteristics
Using Dry Electrostatic Cooling (DEC) for the Turning
Process of SCr420H

J.-H. Choe - S.M. Yang - J.-H. Ha - Y.S. Kang -

H.W. Park - J. Kim 2273

Energy-efficient Conformal Mold Cooling Using
Additively Manufactured Microcellular Thermal
Metamaterials

C.-K. Park - Y. Choi - S. Kim - C.Y. Park -

K. Park 2289

Impact of Powder Reuse, Laser Scanning Strategies
and Heat Treatment on the Microstructure,
Mechanical, and Electrochemical Properties of LPBF
316 L Stainless Steel

T.Huang - Y. Wei - S. Yi-J.Y.H. Fuh - HP. Lee 2303

The Three-Dimensional Characteristics and Formation
Mechanism of Microscopic Pores in Steel-Aluminum
Laser Welding

Q. Guan - C. Li - W. Huang 2323

Study on Fretting Wear Mechanism and Optimization
Technology of Aluminum Alloy Clinched Joints
Y.Shi-L.Lei-J.Sun-M. Yan-S. Guo 2339

Ultra-High-Strength Cross-Tension Metal-Composite
Joints via Wobble Angular-Laser-Structured,
Injection-Molded Interlocking

S. Hong - J.Y. Choi - S.Y. Chey - J. Lee - D.H. Kim -

Y. Wang - S.-H. Ahn 2353

Non-Calcination Production of Calcium Hydroxide
via Plasma-Activated Water for Sustainable
Supplementary Cementitious Material

P. Jantra - S. Chaiwithee - K. Kochchapong -

T. Keereemasthong - P. Phromyoi - P. Wattanachai 2371

Early Fault Warning Framework for Offshore Wind
Turbine Pitch Systems Using Relief Feature Selection
and SSA-Optimized SABILSTM

Y.-J. Chen - N.-X. Sun - J.-H. Liu 2399

Low-Temperature O-ring Leak Testing for High
Pressure Hydrogen Gas Applications

B.-L. Choi - S.M. Lee - J. Kim - B.R. Lee - U.B. Baek -
B.-H. Choi 2421

Numerical Investigations of Mass Transport
Improvement Techniques of Flow Channels for
PEMFCs

D.Y. Jung - D.K. Song - N. Kim - J. Son -
G.Y.Cho 2435



Synergistic Interplay Between a Hydrophilic TiO,-
Coated Microporous Layer and Flow Field Architecture
for Enhanced Durability of Low-Humidity PEMFCs
B.G. Kang - Y.R. Kwon - K.W. Hong - D.K. Song -

H.M. Lee - G.H. Kim - J.G. Park - H.J. Yoo - Y.H. Lee -
G.Y.Cho 2453

Design and Manufacturing of a High-Speed Motorized
Spindle: Engineering Challenges and Insights

S.A. Afridi - E. Yuksel - G. Rivera - S.-W. Hong -

E. Budak 2473

Adaptive Energy Optimization Based on Fuel Cell
Degradation Prediction for Fuel Cell Hybrid Electric
Vehicles

Y. Wang - S. Hou - Z. Jia - J. Gao - D. Hao - H. Chen 2497

Revealing the Structural Transformation of
Biopolymer-Modified Clay Materials Through
Microtomography and Hygroscopic Analysis
Y. Trambitski - O. Kiziniev¢ - V. Kizinievic -

L. Pavasaryte 2513

Gold nanoparticles synthesized by laser ablation in
saline medium: an assessment of colloidal stability

P.C. Ricardo - C.R. Vanoni - M.J. Piotrowski - D.C. Costa -
J. Padrdio - A. Zille - V. Satulu - G. Dinescu - O. Carvalho -
C.L. Jost - F.S. Silva - M.C. Fredel 2527

Real-Time Structural Health Monitoring with Bayesian
Neural Networks: Distinguishing Aleatoric and
Epistemic Uncertainty for Digital Twin Frameworks

H. Cho - J. Yu - H. Moon - J. Yoon - J. Lee - J. Park -
S.Ryu 2555

Lean Energy Analysis for Smart Manufacturing: An
Interpretable and Scalable Framework for Industrial
Energy Modeling

G. Mchale - S. Kapp - H. Beck - J.-K. Choi 2571

Smart Operation Platform for Railway Rolling Stock
Production Using Digital Twin and Al

H. Cho - H. Lee - S.M.M. Sajadieh - H. Yoon -

C. Song - J.H. Woo - J.W. Choi - S.D. Noh 2593

SHORT COMMUNICATION

A Representative Volume Element-Based Approach for
Predicting Sintering Shrinkage in Metal Binder Jetting
S.J. Park - S. Cho - S. Jeon - S.K. Moon 2619

REVIEW PAPERS

Next-Generation Catalysts from Spent Lithium-ion
Battery Cathodes: A Sustainable Recycling Paradigm
T. Abedin - M. Mahmud - M.E.M. Soudagar -

T.M.Y. Khan - M. Nur-E-Alam 2627

Mass Customization Through Additive Manufacturing:
Review of Technologies, Applications, and Scalability
Challenges

Y.Ji-M.Kim-B.J.Lee 2653

Material Selection and Performance Trends in
Triboelectric Nanogenerators (TENG):

A Comprehensive Analysis of Electrode and Voltage
Outcome

V.D. Vo -N.H. Dao - Q.T. Nguyen - K.R. Kaja - S. Hajra -
P.L. Nguyen - A. Hajjar 2681

Challenges and Innovations in Chemical Mechanical
Polishing in the More-than-Moore Era
H.Je - S.Kang - S. Kim 2717

Towards Sustainable Machining: A Comprehensive
Review of Energy-Reduction Strategies in Machine
Tools

J.Lee-J.S.Oh-D.Y.Lee 2757

Current Applications and Advancements in the
Manufacturing of Discontinuous Fiber Composites
A. Zaveri - K. Ok - C. Lee - K.D. Humfeld - M. Nielsen -
S.-H. Ahn - J. Lee - J.H. Jeon 2803

Flow Channels-Integrated Porous Media and Foam-
Based Gas Diffusion Layer-Less Flow Fields as Next-
Generation Strategies for Proton Exchange Membrane
Fuel Cells: A Review of Recent Advances

G. Park - S. Yang - J. Baek - D. Kim - J. Youn - Y. Cho -
S.Jeong - J. Lim - J. Park - T. Park 2841

Design Principles and Fabrication Methods for
Polymeric Re-entrant Structures for Omniphobic
Surfaces

S.M. Kang 2861

Further articles can be found at link.springer.com

Abstracted/Indexed in Baidu, CLOCKSS, CNKI, CNPIEC,
Dimensions, EBSCO Discovery Service, EI Compendex, Google
Scholar, INSPEC, Japanese Science and Technology Agency
(JST), Journal Citation Reports/Science Edition, Korea Citation
Index (KCI), Naver, Norwegian Register for Scientific Journals
and Series, OCLC WorldCat Discovery Service, Portico,
ProQuest-ExLibris Primo, ProQuest-ExLibris Summon, SCImago,
SCOPUS, Science Citation Index Expanded (SCIE), TD Net
Discovery Service, UGC-CARE List (India), WTI AG, Wanfang

Instructions for authors for Int. J. of Precis. Eng. and
Manuf.-Green Tech. are available at www.springer.com/40684



International Journal of Precision Engineering

and Manufacturing-Smart Technology

Volume 4 - Number 2 - July 2026

REGULAR PAPERS

Deep Learning-based Welding Quality Evaluation Using
Arc Sound Classification in Gas Metal Arc Welding
Mu-Sung Kim - Tae-Hyun Lee - Hee-Seon Bang -
Cheolhee Kim 45

Vibration-based Feature Analysis and Intelligent Tool
Wear Prediction for CNC Machines: An Industry 4.0
Approach

Deept Sharma - Sangkee Min 57

Uncertainty-aware RBF-enhanced Sliding Mode Control
for Magnetic Levitation System
Seseung Namgung - Hyeong-Joon Ahn 67

A Fully Analog Intelligent Servo-valve Amplifier Enabling
Wide-band Pressure Control of Pneumatic Actuators
Tae-Gyu Yoon - Jae-Min Shin - Hyeong-Joon Ahn 77

Machine Learning-based Tool Wear Prediction Using
Bolt Type Piezo Sensors

Odong Kwon - Jae-Eun Kim - Kyunghoon Lee -
Wonkyun Lee 85

Sensor-based Prediction of Thermally Induced Lateral
Dynamics in Roll-to-roll Web Processing

Sangbin Lee - Junyoung Yun - Youngcheol Jeong -
Changwoo Lee 95

Deep Learning-based Vibration Signal Generation with
Frequency-amplitude Variability

Hyungsik Park - Minhyung Lee - Jaejung Park -
Hong-Kyun Noh - Seungchul Lee 109

Magnetically Levitated Rotor

Modelling and Model-based Control
Brett Wallace - Matthew Nesbitt - Jihyun Lee 127

Systems:  Grey-box

Quasi-static, Rolling and Shear Behaviors of an Auxetic
Non-pneumatic Tire with TPMS-based Spokes
Hong-Seok Kim - Do-Yeon Kim - Sang-Hu Park 145

High-fidelity Virtual Modeling Framework for Outdoor
UWB Localization via Real-world Measurements

Jeik Choi - Byeonghyun Lee - Seho Son - JungHun Choi -
Ki-Yong Oh 155

Variance-based  Sensitivity Analysis for Efficient
Volumetric Error Compensation in 5-axis Machine Tools
Hyeonseo Park - Hyeongjin Seo - Sungtae Kim -

Chang Ho Lee - Yangjin Kim 177

Recent Progress in Mechanical Energy Harvesters for
Smart Mobility

Namgyue Ki - Jianming Hu - Kaifu Zheng -

Kyungwho Choi 189

Investigation of Crack Formation
Machining of Silicon Carbide
Ju Hyeon Lee - Gyu Man Kim - Bo Hyun Kim 199

in Micro-groove

Reaction Wheel Based Control System to Stabilize Swing
Motion of Ropeway Facility Inspection Robot
Hyunbin Park - Baeksuk Chu 209

Temperature Monitoring Based Drilling Strategy for
Defect Reduction in Consecutive CFRP Drilling
Kangwoo Shin - Dongmin Han - Tae-Gon Kim 219

Data-driven Modeling of Cascading Failures via Bayesian
Networks and PageRank Algorithm
Sungeu Chae - Sang Woo Ha - Suk Joo Bae 229

REVIEW

Electrospun Nanofiber-based Strain Sensors for Wearable
Electronics

Jinsol Kim - Seung Hwan Ko 241

Vibration Sensing for Smart Monitoring of Ultra-precision
Manufacturing Equipment: A Review

Hujeong Lee - Jaeyoon Kim - Guseon Kang -

Young-Jin Kim 249

SHORT COMMUNICATION

A Survey on Point Cloud-based 3D Mesh Reconstruction
for Large Scale Facilities

Jeehoon Lee - Youlin Yang - Jongguk Park -

Duhwan Mun 275



| 2026\ H|7x} O|A}E| B|o|=

O & X} 20264 98 112(2)

OF 4 33 sl

O EAIX} : OIAR, A, ZH0, OFE, AP, Zdd, s, 28, ZUE, ZET, 0[S, 2T, Us
AP, OIMS, 0|2, O[5S, 0IER, SIMIT, ZA%, uSiS, XI5, =, 2K, 20, ofY
298, &4, BN 8|, 854, 0[5, ATl ZEA, BI0IS, 2SN, LA, WAE, ST, KolA,
ZolEL Bt 2, Rale, 2B, ZBE, 8 &, NS, 21, 2ES, FRS, HME, UES, S
RS 1102 2 6424(2I2010%) EHA

. EQHEALSH

. KI2xE Hols| 71z

- WA XE23|(R=E) JhEl B

. P1B] =8he] 100 T AV e A =etel FE2 T (Y9/23())
. 3|§EE(26.9.10 7|&) E10

. 20263 82 @] X|Z(QH) & 21

. IJPEM-ST Editor /= (9t) £Q!: Toru Kizaki (The University of Tokyo (Japan))
. JKSPE Editor &|=(Q}) &Q1: 22 (University of Cincinnati (USA))
. JKSPE EHS (Special Issue) 27F Mot =9|

. 20263 Journal Awards SE X} =9]

. BEA 383 B0 & ANAEE JE(RN) HE

N 45 AARPE HERH HE

CAlLRE| (R A

. PRESM2026 Full paper A\l S5t £

. JKSPE Q27| L2 4 SHAF M0 [ME S84 21

O 00 N O U A WN B

I
A W N R O

15. 20275 OUP-OA TIStEH| 3|0| TIGIAIES H11

16. 2026 =7|SkatHs] M1kt XI5 (2026.12.2-12.5, AHRICECO)
17. PRESM 2027 XN|1X} Kick-off Meeting

18. WEHE3| — 11X} HFTIths] ThE|

=
o

 HUWIBRD M5t SERIp TSl K108] 7 |SnRsl HE Zit =0
 HUSY Ros| YUSY TS WA 2 =D

- ADEMMAAY 220173 3|9 Zut 21

NN
= O

I, sl

ol

y
0

A

4

rz
o

© T

[

of

ol 21z=(2f)

PI2PARE 2026 TS JHZ(2)

. FEX|(IPEM, UPEM-GT, UPEM-ST) 35 £ 2 AR 78 HE(Q)
. KSPE =L/=X| StaX| 45 HAE JHE(©Rh)

cSegE 22 78 5 AR 7 HEER)

s
a

uoA WN R
2
0

| vusmozge

ro
Ral

un
=

[t
pal

J

@

Ho 1@ rho

il

roh ok
;

N
sl
ol

ooy o
[m}

Hl

bl

ro
o

r

- Y3 -
2 HEHS ol & 4 & 3 HEHS ol &
202611652 o] X Z ANzt a 202611654 Ag e 5t =

N
o
N
(o)}
-
[
(o)}
(9]
w
C
o
x
THo
i
Lo
N
>
i
Lo
El




L= I.I:. EHO =|n£.I-II:II_T'_g =| ole
2026|j A J:ll_l er oao—!'g- |:|".:'I
k=IPS)
ol RIS )
Aipsp
A (EIR7 P
BHalE
Arat=chstm) OIStz s AlChEtm) ASHEAATNED)  BASEDNSRHX)  uASEMEm)
MU2(SACHXIS X)) 0| B4 (AR OlRleHE=rHE ) Z|GXH (ST [ HR)
HA
Ol=s3I(EThetw) ASDI(R=7 [ AIHTE)
EF0IAF
AErHES0Ew) 2= &) E A (S AT ew) =5l acst)
THO At
n&eHAMSoHS) FARAES o) ZEHZ (ST [=71R) O (d=THai)
EE[O|AL
Z=EEIEm) 2o A (sielrstm) ZAATSHKAIST) Mo IEelstm)
ZIAZTI(KAIST) ZHEI(AM|CHS ) deH(e=aaitstu) B (M2E [stisfw)  BIEEI(UNIST)
B 1T (KAIST) 2HREEI S0 Stw)  QFX[SHPOSTECH) 97 |9(ao fCH=tw) FEG(@AMcstw)
Tsroif(M'tHoﬁ) 2 JEH(KAIST) OB S (s Alrfia) ol ZTHED)

O4EH(o|of[Hoﬁ)
S oHEDIER)

P‘O Ak

Faraw] PSS Slam)

dr=aie uz4
S (12 MZIE

[SEIN (74'**EH9.*_’)
Ol3N(SO TS )
L (=TIchet)

7 |EEE0IM

Z1544(POSTECH)

=AO|AL

20| (KAIST) e
YST(ESet) 2es
e (=R EE) R
CHB=O AL

PAIE(BI Rl [0 R

SH(ERRD 7 2D IR) Ol DN

ZEH(E=7 [AIETE)

| SE3/2A
clololes

==
oY=
(K)EEEE‘”

Al
et

mea|
LPKF Korea
Efgoﬂéﬁﬂa—ﬁﬁ@

Eo[CIHAEZ|E
Eotol ol A= 2|0t
FORSEIA
FFeE=

FotAm]

0|5 NS THS!)
HE0HSAlH5t)

2iEHZE QI5tcHE )

0|20 rHstm)
O[HS(FHREE ot 2)

XO#AI'(Q:]A_H:H g!'_l )

oo

A= st)

(stthatn

H(MSHet)

7|7-|;|(;jia|6)-u r[Hék—p)

A
S22 0%

EH2(LGTXY)

FDNE&F M
EAHIO|ME

FE{EHHE=ZZ2|0f

J2t0|X|-&

QED Technologies
20| E )
FHIE{HI0|2
G|l
ERL2E
(§)5_E‘|I§
FRtREHATE

H7sl(SAHst)
NG )

) 2R (51 AIT2)
SA[B=E0 )
SAEf(SAchstm)

UBIEHFDNSRAX) 2z
SRR eome)  He(ei it o)
S )

=

XA (S=CHe) HREC=EREsTTH)
(Eloi Materials (EML)) ZSE(L20HS) M S|(EA TS
2= Zfstn) S8 (naitista) AlPE(KAIST)

7=
[=)
o

-2

LIGC|HIA | HZAH|O | A
st siui)

Eol0|ALt=2)

0] m )

FAHO[A
2|k 1)
B27{32|0KF)
Of|ofH M7
ERINOIEHIS
EHIAEH

E—‘?—Ql(UNIST)

]

Bl
gLl
N

S BT [
OIS l(TI=rkSt)

S(PIORSE7 A

=Cletul)

)\EIH
——|

O\‘

FERIEZHEA

&otoleet

MR

Eofo|=

NEZEZHA

Eofjo| 2|0t

EX|O|AHE
)E|QHHIO| 2 H

OtAIS

¥ yum

pNesk=1

J;ol_

§f [O1=2 A 0| AG)

IHHA‘I (EE\:LEJ;El, H ﬁ)—m)

Ui CHSt)
SIE(2Richstm)
(61227 Plioi 72)

0f=7|(&eicistm) 0|2 B HrE!m) OXI5f(5127 |22 24)
X M(iEITstm) ZIZI0H(POSTECH) g E=dE)
=7 | EAhsm) FH2 @iz sl E=cstm)

SIMIE (ST | A )

L-Z=A4(POSTECH)
TES (OFChst)

SABHERI0[X]-2)
HuGCIHA 8O0l AT O LA)

0FEEL7 |7
RIS A

X|HIHF =2 X

roh

RS AR

1]

=

ColofAofolx Z2lof)
PN
FAEEZ M
Folel=

e El

S| AEIAR)



i

I

3
=1y

AEH
Editors

S

Editor-in-Chief
bhkim@ssu.ac.kr

sz
5Rc::
= O —
5] © 1o
R I
& 839
28 R7
232 :h
i c
= I [} c e = Iy
i T oa & < -
Bl ol Bl = = ol = 2 % 5=
ioll Iy Rl Fl < = 5 = ! M
L R I B N NN I O R R E=gg
il ol kE =R ol oopd oz el OIS TN e [ g2 8K
dogn Okpr Koy K05 Moo By Ew Ko Py WEH O NT o Ry 2 2T ZN
HX Rl Wil & SR ol KR w0X olicl oSk Kkl WR! WIS = (o] 2R
£
=
£ D
T
=
5 O
i
<<
= g
) )
g - g =
C > =
§ H k! = E g 5
£ o ol « o g 2
) = = ] o = € &3
5 Kl ol o il > 32
z > o z _Ho N = = [N 5 z |5 2 X3
o, @ e <+ @D wd gk ozrm = e RE So oD don 5
BE W oFz Tlp Ky BS By Hzo S  Trgp Mo Rip  RO% RNIQ R s
NS Ng NS X ola oW KX KR T olX oSkl Kx WK WIS ad
w
Y
[S)
(2]
1S
[«}]
Q9
£
[}]
=
E| |
[ W _
ol =7 I &
= 2l < X2z
a0 & [E! N [E! 5 & € & € 8 L3
wf W mE ows of miome me mEowomoomEoms 5o
o IR 00 Ukg ROgm KOy M= Uz ¥T wT g g Ty £2
NT NI NIok ORHE <nr X ROom  Rlofu ook Ok oSX ®Wos el BS
C
(o]
L2
e}
©
=
< 2oz
= B~
c « ol
om <
o AR
g £ = FE I T ]
Boo - Hoo r % o5 5 o8 3 e S2HTY
= = > — © o~
A R G5 B0R o, OFE ofR Al RIO o0 il okl opll P AEEEEEL
o H0 = L - 00 — - £
WS, my 08 W WD w0y g KD R wrr Bp Wm =g 02 B T BB
oM TR0 MIS Nl S orl Rl RIE Z0Mo OFB Sol WRO el TS o o 31 zw m & ol &l

/ FAX (02)518-2937 / http://www.kspe.or.kr

=

=)

|X]), IJPEM~=ST 24Xl /(02)518-2928 / paper@kspe.or.kr, ijpem.st@kspe.or.kr

A|) / (02)393-0725 / coni@kspe.or.Kkr

=]

=l

L=
=

praks)
()

H

2%

S|
2

|(PRESM) ZiG4! / (02)6925—-0710 / presm@kspe.or.kr

=
yusg

3
3

ESu)
Eu)
[A Z|LtE / (02)393-0724 / account@kspe . or.kr

S|
of
of

IJPEM(GT) &&{12! / (02)518-0723 / ijpem@kspe.or.kr

[04508] M2 &7 S22 50-1(2H2|S 17t 51-1 SKY10042E) 12
APR2E ZEA /(02)518-0722 / kspe@kspe.or.kr

JKSPE(

=L
=A
5



Oty LS50 X| (JKSPE)

JOURNAL OFTHE KOREAN SOCIETY FOR PRECISION ENGINEERING

WG G EU ISR D ENE (B 5copus(2017~), DOAJ(2026~), KCI(2001~) SAH|

198414 27k H7H123|, D& 1L 2l
ISSN 1225-9071(Print) / 2287-8769(Online)

INTRODUCTION 1. 27I0ict £8 FHlof| e E8== 7
2. =Ll - IA| ShaliE| W =2 & 2+ == M = AN
3 eHtEn =32

PUBLICATION FEE =50 EEFL
7= 8H|0|X| 200,000 HA| * Q| BRACS| L =2
= 30000 e S7|(AA} Sl B
1mHolx| 37t _® 1 ARl e
ST|(AAD =7} = M| 50% B7t HA|
ADVERTISEMENT 2 7| 2 AT jEte| ¢t = Mg SH, ZH SOt AfR - A - 2t MdEof] HH=
SI3IX| Zo AR HIS EHZT2(A 63| 014 Enk-= HI AR
SEX| 7500008 63 F71e| 30% A4210x297 mm) ofo Ty}
F HolS
Zakgn 5000008 123 10| 50% A= E7|s=” .
SHHTt 7 2| " SIS
e D Zef ot 2ERE
=00|X| 8 & 100000 (ZIcH 33))
TOPICAL ISSUE TOPIC | 2022: |EMS ZHOAS IS8 2 7|1
2023: ADIE/C|X|= JAHO] 7|2
2024: 712E= 7|15M M2 7|1&
2025: a1|0|I1E o|lgst 712 7|
2026: Al 88t M=2&2 =Xt 4l X1E35} 7|=Al 88 M= Zh gl Xts3) 71E

IJPEM-ST

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-SMARTTECHNOLOGY

2023 New Journal 20234 27k AI7E23), 1979 1

ISSN 2951-4614(Print) / 2951-6382(Online)

INTRODUCTION 1. Full Open Access
2. Research papers, Short communications, Technical briefs,

Position papers, Industry case studies

AIMS AND SCOPE e Big Data Analytics and Informatics e Augmented, Virtual and Extended Reality
e Sensors, Instrumentation and Process Monitoring ¢ Human-Robot Interaction, Augmentation and
¢ Prognostics and Health Management (PHM) Collaboration
e Industrial Internet of Things (IIOT) e Autonomous Things

e Industrial Artificial Intelligence
e Digital Twin, Cyber-Physical Systems (CPS) and
Metaverse

WEBSITE www.ijpem-st.org



IJPEM

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING

2025 Impact Factor: 3.9 SCIE, SCOPUS, KCI S| IANUARY 22 |

200014 2t HZH123], O3 1Y 2
ISSN 2234~-7593 (Print) / 2005-4602(Online)

INTRODUCTION 1. Regular paper, Short communication, Review paper
2. =X ShErhs| YH =5 & 25 == M% = iKY
3 QI8 HREE 4 EL =R AN YU ER

AIMS AND SCOPE * Precision Manufacturing Processes * Machine Tools
* Measurements and Control * Nano/Micro Technology
* Robotics and Automation * Bio Health
* Manufacturings System * Additive Manufacturing
¢ Design and Materials

SPECIAL ISSUE TOPIC |~ 2023: Robots for Manufacturing Processes and Systems

2024: Semi Conductor Manufacturing

2025: [JPEM 25th Anniversary Special Issue

2026: Humanoid Robots and Physical Al and for Manufacturing

2027: Human-Robot Collaboration for Precision Manufacturing:
Perception, Interaction Control, and Safety

IJPEM'GT INTERNATIONAL

JOURNAL OF
INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY PRECISION

ENGINEERING AND
2025 Impact Factor: 6.6 SCIE, SCOPUS, KCI S|

MANUFACTURING
20144 37k HZh63], E4E 12 T
ISSN 2288-6206 (Print) / 2198-0810(Online)

INTRODUCTION 1. Regular paper, Short communication, Review paper
2. X StEriE] U2 =5 & 24 == M = A
3 U CREE T+ E2 =R AIYH B

AIMS AND SCOPE e Energy Saving and Waste Reduction in e Design and Manufacturing of Green Products
Manufacturing Processes e Materials for Green Manufacturing
e Manufacturing of New and Renewable Energy * Management and Policy for Sustainable
Devices Manufacturing
SPECIAL ISSUE TOPIC 2016: Hybrid Manufacturing

2017: 4D Printing

2018: Sustainable Manufacturing in 4th Industrial Revolution
2019: Energy Harvesting

2020: Green Smart Manufacturing

2021: Soft and Green Manufacturing and Applications

2022: Green Manufacturing Coping with Climate Change and Pandemics
2023: NetZero, Achievable by Manufacturing?

2024: Advanced Manufacturing for ESG

2025: Autonomous Manufacturing with Green Technology

2026: Autonomous Manufacturing for Sustainable Industry

2027: AX-Driven Sustainable and Energy-Intelligent Manufacturing




INTERNATIONAL JOURNAL OF IJ PE"
PRECISION e

AND MANUFACTURING

ENGINEERING
AND
MANUFACTURING

About IJPEM

IJPEM is published by the Korean Society for Precision Engineering with Oxford University Press as
Open Access. The journal has a history of 27 years and aims to disseminate relevant fundamental
and applied research works of high quality to the international precision and manufacturing
engineering community. The journal is indexed in SCIE (Impact factor 3.9) and downloaded more
than 148,000 times a year around the world.

Topics of the Special Issue cover novel research contributions of precision engineering and
manufacturing - theories and applications in the field of

Human-Robot Collaboration for Precision Manufacturing: Perception, Interaction Control, and
Safety

The potential focus areas to be covered in this Special Issue include, but are not limited to:
+ Multimodal perception for industrial HRC: vision, force/torque, and tactile sensing

- Contact-rich manipulation and dexterous task execution in manufacturing environments
- Shared autonomy and human-in-the-loop interaction control

- Learning from demonstration and skill transfer for manufacturing tasks

- Co-adaptive learning, personalization, and lifelong robot skills

- Safety, verification, trust, and deployability in real factory environments

- Case studies in manufacturing cells and industrial environments

- Materials, device architectures, and functionality for Human-Robot interface

- Digital twin and simulation for HRC in manufacturing environments

- Sim-to-Real transfer learning for contact-rich collaborative tasks

- VTLA (vision-tactile-language-action) architectures for precision manufacturing

Guest editors

Jung Woo Sohn (Kumoh National Institute of Technology, Korea)

Youngsu Cha (Korea University, Korea)

Sungryul Yun (Electronics and Telecommunications Research Institute, Korea)
Kwang J. Kim (University of Nevada, USA)

Masashi Konyo (Tohoku University, Japan)

Submission
Procedures

Deadline for Submission Date: February 28, 2027
Publication Date: September 1, 2027
Volume, Number: Vol. 28, No. 9

KE:E Korean Society for

..... Precision Engineering




pISSN: 2288-6206 / elSSN: 2198-0810

INTERNATIONAL JOURNAL OF PRECISION
ENGINEERING AND MANUFACTURING Open

GREEN TECHNOLOGY = =

IJPEM-GT is co-published by the Korean
Society for Precision Engineering and Oxford

INTERNATIONAL JOURNAL OF University Press. The journal is published
PRECISION ENGINEERING bimonthly as an Open Access journal and its
AND MANUFACTURING JCR 2025 impact factor is 6.6, which ranks it
top 9% (17/184) journal in the category of
Engineering-Mechanical and top 20% (14/71)
journal in the category of Engineering-
Manufacturing.

6.6 by JCRin 2025

Impact Factor

Topics of the Special Issue cover novel research H Guest editors:
contributions of "Green" precision engineering and Prof. Beomjoon Kim
manufacturing - theories and applications in the field of (e L o el )

Prof. Young Beom Kim
(Hanyang University, Korea)

AX-Driven Sustainable and Energy-

o o Prof. Taehyun Park
I ntEI I Igent Ma n Ufa Ctu ri ng (Soongsil University, Korea)
. . . . Prof. Soonwook Hong

The potential focus areas to be covered in this Special Issue (Chonnam National University, Korea)
include, but are not limited to: B Submission Procedures
« Al Transformation (AX) Deadline for Submission Date:
- Energy-intelligent manufacturing TR, 2

S inabl ot t Publication Date:
- Sustainable manufacturing systems May 1, 2027
- Digital twins for energy optimization Volume, Number:
« Autonomous production systems Vol. 14, No. 3
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Journal of the Korean Society for Precision Engineering

Indexed in SCOPUS, DOAJ, KCI

Editor-in-Chief: Bo Hyun Kim

Frequency: Monthly

ISSN: 1225-9071(Print) / 2287-8769(0Online)

Submission to JKSPE: https://www.editorialmanager.com/jkspe/
Search for JKSPE articles: https://jkspe.or.kr/

NellENAL OF THE KOREAN SOCIETY FOR
[Z3=01SI0N ENGINEERING

Introduction of
Journal

Journal of the Korean Society for Precision Engineering (JKSPE) is devoted to publishing
original research articles with high ethical standard on all aspects of precision engineering and
manufacturing. Specifically, the journal focuses on articles related to improving the precision of
machines and manufacturing processes through implementation of creative solutions that stem
from advanced research using novel experimental methods, predictive modeling techniques, and
rigorous analyses based on mechanical engineering or multidisciplinary approach. The expected
outcomes of the knowledge disseminated from JKSPE are enhanced reliability, better motion
precision, higher measurement accuracy, and sufficient reliability of precision systems.

Aims and Scope

The Journal of the Korean Society for Precision Engineering is devoted to publishing original
research articles on all aspects of precision engineering and manufacturing. Specifically, the
journal focuses on various fields including:

Precision Manufacturing Processes
Precision Measurements

Robotics, Control and Automation
Smart Manufacturing System
Design and Materials

Machine Tools

Nano/Micro Technology

Bio Health

Additive Manufacturing

Green Manufacturing Technology

Award

JKSPE Award
Best Editor Award
Contribution Award

The article processing charge (APC) will be waived for full papers presented at the conference that are written in
English and do not include acknowledgment statements.

Email: paper@kspe.orkr | Tel: +82-2-518-2928
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Discover the high impact journals dedicated to
disseminating high-quality fundamental and
applied research works in precision engineering
and manufacturing. From 1°' January 2027 all of
the KSPE journals will be fully open access.

Find out more about publishing

with the journals
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OPEN ACCESS, GLOBAL IMPACT

Advancing Precision Engineering Research Without Barriers

The Korean Society for Precision Engineering is pleased to
announce that their three flagship journals will transition to
fully open access beginning January 1, 2027.

Why open access?

v’ Global accessibility - no paywalls
v Higher visibility & citation potential |-
v Faster dissemination of results -
v’ Aligned with global open science

Member-Exclusive APC Benefits

Journal

Journal Member APC

Non-member APC \\\\\\\”,////é
N 2
SsewnZ
_— 40% on APCs ——
[JPEM-GT usD 1,760 USD 2,200 — —
/7 as a KSPE \Q
[JPEM-ST usSD 1,000 UuSD 1,667 7/ member \\
i\
Member rates apply to Regular or Student Members \
with active membership at the time of submission.

Find out more about the journals’

move to open access
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