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A Study on Improving Conflict Based Search with Continuous Time
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Multi-Agent Path Finding (MAPF) is an algorithm designed to identify collision-free paths for multiple agents, commonly
used in fields like robotics and drone navigation. Conflict-Based Search with Continuous Time (CCBS) is particularly
beneficial for real-world applications due to its capability to find paths in continuous time; however, it often experiences
lengthy computation times. Although techniques such as prioritizing conflicts (PC), disjoint splitting (DS), and high-level
heuristics have been implemented to reduce these times, challenges remain. To address these issues, this paper
introduces methods to improve space utilization by calculating agent congestion. By optimizing space usage, we can
identify paths that avoid potential collisions, even when those paths share the same cost. We propose enhancements to
high-level heuristics, conflict prioritization, and low-level heuristics, as well as a method for calculating congestion in
continuous time. These improvements lead to a reduction in agent collisions and a decrease in high-level expansions,
resulting in a 30% increase in computational success rates compared to the existing CCBS. Incorporating space utilization
into the search process significantly enhances MAPF performance.

Manuscript received: March 25, 2025 / Revised: November 19, 2025 / Accepted: November 24, 2025
This paper was presented at KSPE Autumn Conference in 2024

1. Introduction

The Multi-Agent Path Finding (MAPF) problem is accompanied
by multiple agents, each having a designated start and goal location.
The challenge is to find paths for each agent without collisions.
MAPF can be applied in scenarios like warehouse management
where paths for many agents need to be determined [1,2]. One of the
optimal solutions for the MAPF problem is minimizing the cost

(Sum of Cost) [3]. However, this problem is riddled with challenges

Copyright © The Korean Society for Precision Engineering

of complexity and nonlinearity, making it NP-hard [4,5].

To address this issue, numerous Al researchers have attempted
solutions through various prior works. However, most al- gorithms
solve the problem by assuming 1) time discretization and 2) the
duration of each action is one time step [6-8]. Such assumptions can
become limitations when applied to robots in real-world settings. To
operate actual robots, one must consider kinematic constraints such
as rotation time and robot localization. Therefore, to overcome these
challenges, several methods, like MAPF-Post, have been proposed

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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to address and surmount these limitations [9,10].

CCBS was developed to address the MAPF problem in
continuous time and make MAPF suitable for real-world
environments [11]. By integrating Safe Interval Path Planning
(SIPP) into the low-level search of CBS (Conflict-Based Search),
the algorithm helps MAPF operate in continuous time [12,13].
However, one major drawback of CCBS is that detecting collisions
in continuous time requires a considerable amount of
computational resources. To address this weakness, several
algorithms have been proposed to minimize conflicts among
agents to reduce computation time.

For example, Conflict-Based Search with Real-Time Conflict
Resolution (CBS-RTC) introduced new types of conflicts to
address specific MAPF conditions, such as corridor and target
symmetry [14]. Furthermore, techniques like Disjoint Splitting
(DS), Prioritizing Conflicts (PC), and enhanced heuristics are also
applied to this algorithm to minimize the search time [15-17].
These methods enhanced the efficiency of CCBS by minimizing
conflicts at higher-level nodes [18].

Han et al. pointed out, as illustrated in Fig. 1, that reuse of the
same areas during computing individual agents' paths frequently
occurs in MAPF algorithms, which can cause inefficiencies in the
algorithm [19]. To optimize space utilization, a heuristic function
that estimates the redundancy of vertices and edges in the agent's
paths found by agents was proposed. This approach has been
adopted by other algorithms like ECBS and DDM, enabling
significant improvements in the computational performance while
maintaining a similar level of optimality [20,21].

In addition, Chen et al. [22] introduced an algorithm that utilizes
traffic flow to create guide paths in priority-based algorithms like
PIBT, LaCAM* [23,24], and MAPF-LNS to alleviate congestion
[25-27]. These methods are more efficient even in jammed
circumstances and show improvements in overall system
performance. Therefore, one effective way to increase the success
rate in MAPF is maximizing space usage. This paper proposes a
method that calculates congestion and applies to the algorithm to
enhance the computational performance and success rate of
Improving CCBS. The goal is to minimize potential conflicts
between agents during the search process by optimizing space
utilization, ultimately reducing the branching of high-level nodes.
To achieve this, we introduced a heuristic function for high-level
nodes, improved the method for prioritizing conflicts, and
proposed a heuristic function for low-level nodes. These
approaches have led to an improvement in space utilization during
the computation process.

In this study, experiments are conducted on diverse grid maps
(empty-16-16, warehouse-10-20-10-2-2, den520d). The results

Fig. 1 Overuse of free space

showed that the method significantly reduced the branching of
high-level nodes at least 10 times and up to 100 times compared to
Improving CCBS by minimizing conflicts between agents. This
reduction in the number of branches resulted in an average increase
in success rate of approximately 30% across different grid maps.
Moreover, the increase in the flow time can be negligible relative
to prior algorithms, indicating that the proposed method is both

efficient and practical.

2. Theoretical Background

2.1 Conflict Based Search with Continuous Time (CCBS)

CCBS is an algorithm designed to solve MAPF under
continuous time, while considering kinematic characteristics such
as rotation and acceleration of robots. The process of this algorithm
is divided into a high-level stage and a low-level stage. The high-
level stage detects conflicts between agents and generates
constraints to resolve them, inheriting these from parent nodes to
child nodes. Sequentially, the child nodes solve these conflicts
through the low-level algorithm, Safe-Interval Path Planning
(SIPP).

SIPP optimizes a single agent’s path by categorizing between
Safe Intervals and Unsafe Intervals based on the provided
constraints. The agent is allowed to move or stop only within Safe
Intervals, ensuring collision-free path planning. Although CCBS
effectively finds optimal paths, its conflict detection process can be
computationally expensive.

To enhance CCBS, Andreychuk et al. incorporated successful
improvements from CBS. They introduced Disjoint Splitting (DS)
to efficiently distinguish the search space using both Positive and
Negative Constraints, guaranteeing that child nodes explore
mutually exclusive solutions. This strategy noticeably boosts the
search efficiency.

Furthermore, they introduced Prioritizing Conflicts (PC) to
efficiently identify and resolve the most critical conflicts, reducing
the number of expanded nodes and optimizing search performance.

Finally, heuristic techniques were implemented in the high-level
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search to improve the computation speed by estimating potential
cost increases and prioritizing nodes with the highest impact on
conflict resolution, thereby reducing unnecessary node expansions

and enabling faster optimal pathfinding.

2.2 Space Utilization Optimization (SU-I)

SU-I is a heuristic designed to optimize space utilization in
Multi-Robot Path Planning (MRPP) and Life-Long Multi-Robot
Path Planning (LMPP). Its primary goal is to navigate robots while
using space evenly during path planning, reducing conflicts and
enabling more efficient discovery of optimal routes.

SU-I considers vertices, edges, and temporal information of the
graph, directing paths stay away from congested areas. It tracks
how much each part of the graph is used by other robots, helping
them avoid heavily used routes and select paths with less traffic.

SU-I can be integrated into the A algorithm in two main ways:
by incorporating it into the estimated cost-to-go to reduce potential
conflicts, or into the cost-to-come to minimize actual conflicts
along the path. These methods enable SU-I to achieve both path
optimality and conflict avoidance simultaneously.

Additionally, SU-I anticipates interactions between robots’ paths
and selects routes that minimize these events, making it
particularly effective in complex environments. The heuristic also
improves path selection accuracy through multiple planning
iterations, updating graph space utilization and continuously
reducing path conflicts, thereby enhancing the overall efficiency of

the process.

3. Methodology

As mentioned by Han ef al. CCBS has the drawback of
insufficient space utilization during the search process for
agents. For example, as illustrated in Fig. 2(a), if the optimal
single path is searched without considering the paths of other
agents, collisions may occur. To resolve these collisions, the
conflicts are set as constraints, leading to branching in the high-
level nodes, and the SIPP is used for the single search of the
robot based on the given constraints. However, if space
utilization is insufficient, frequent branching of high-level
nodes occurs due to collisions, leading to increased
computational load. On the other hand, when search is
conducted with space utilization in mind, it is possible to find a
collision-free path with the same cost, as shown in Fig. 2(b).

The importance of space utilization and its impacts on
overall algorithm performance have been emphasized in

various studies. In this context, we propose three key

. Agent 1(start) () Agent 1(goal)
Agent 2(start)

- Agent 1(path)
Agent 2(path)
Agent 3(path)

Agent 2(goal)

Agent 3(start) Agent 3(goal)

’ N,
7 N
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\!

v | | !
I 1 | +
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\\ r
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Fig. 2 Space utilization example. (a) without spatial utilization, (b)
with spatial utilization

improvements to address this issue in CCBS: improving the
High-Level heuristic function, refining the method for
determining cardinality, and enhancing the Low-Level heuristic
function. The purpose of these keys is to maximize space
utilization, resulting in increasing the success rate of search and
reducing the computational load.

Before presenting Algorithms, we first introduce several terms
and notation used in this section. An agent’s path is expressed as a
sequence of nodes p[i], where each node corresponds to the i-th
position the agent reaches during its movement. For each node 7,
we denote its arrival time as 7,.g, and its spaticl location on the
grid map as (n;.x, n;.y). Using these node states, the algorithm
constructs a congestion array 7, which records how many agents
occupy each grid cell over time and is used to evaluate congestion-
based heuristic values. The notation v,;, refers to the vertex
currently occupied by agent i, and p denotes the path taken by an
agent. We use n to denote the total number of agents in the
scenario, and d denotes the Euclidean distance between the current
node and the goal node, which is used as part of the heuristic
evaluation. Finally, /# denotes the heuristic value computed during

the search process.

3.1 Congestion Calculation for Space Utilization

This paper proposes a method to calculate a congestion array
based on the movement paths of agents. Various methods have
been proposed in previous studies to optimize space utilization,
and in this study, we adopt an approach that calculates a congestion
array based on the movement paths of each agent. For example,
when an agent moves from Node N, to Node N, the congestion at
N, is recorded over time, and this congestion is reflected in the
continuous flow of time. To do this, the time is divided into
intervals, and the time of arrival at NV, is recorded in each interval,
incrementing the congestion value of N, by 1. This process is
uniformly applied to the paths of all agents, ultimately calculating

the congestion array.
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Algorithm 1: Save congestion array

Algorithm 2: Get high-level congestion cost

Congestion < {}
for all p in Path do
for i =1 to ; length(p) — 1 do
m=plil, m = pli + 1]
t, = ny.g/timestep, t, = ny.g/timestep
Congestion[n x][ny][t;] +=1
Calculate intermediated node between #; and 7,
for each intermediate node between 7, and »n, do

Congestion[x][y][f] +=1

O 0 9 N Bk WD =

—_
(=]

end for

Ju—
—_

Congestion[n,.x][ny.y][1:] +=1

—_
[\

end for

Ju—
w

end for

k=2 k=3 k=4

Fig. 3 Congestion increase according to the illustration of the 2*
neighborhood for k=2, 3 and 4

To effectively utilize the congestion array, the size and speed of
each agent, as well as changes in the path over time, must be
considered. Specifically, when an agent moves from Node N_a to
Node N_b, the nodes located at intermediate points should also be
included in the congestion array to accurately model the space that
the agent actually occupies.

The robot’s movement path is determined by a 2* neighborhood
structure, as shown in Fig. 3. When the robot moves along the red
arrows, all the red nodes along the path are included in the
congestion calculation. This plays a crucial role in predicting all
potential collision points on the path in advance and designing the
path to avoid them.

Previous research applied methods to balance the search by
setting the sum of vertex and edge congestion weights to 1.
However, this study improves this methodology by adopting an
approach that solely considers vertex congestion when finding the
optimal path. This enables a more detailed analysis of the space
that the agent actually occupies on the path, enhancing the
accuracy and efficiency of the search. This congestion-based
approach contributes not only to optimizing part of the search
process but also to enhancing the efficiency of the overall search
algorithm.

1 cost<— 0
for all p in Path do
for i = 1 to length(p) — 1 do
m=pli], ny=pli+1]
t = ny.g/timestep, t, = ny.g/timestep

Calculate intermediate nodes between n; and n,

2

3

4

5

6 cost <= cost + Congestion[n,][ny][#]

7

8 for each intermediate node between n, and n, do
9

cost < cost + Congestion[x][y][]

10 end for
cost < cost + Congestion Congestion
11
[n2x][m2y][52]
12 end for
13 end for

14 return cost/length(Path)

3.2 Congestion-based High-level Heuristic Function for Space
Utilization

Andreychuk et al. applied a heuristic to CCBS using a Linear
Programming Problem (LPP) to estimate the minimum cost
increase necessary to resolve conflicts and to identify the increase
in solution cost during conflict resolution, thereby minimizing
computation time. In this study, we expand this approach by
applying a new heuristic function that incorporates the calculated
congestion array. This congestion array stores values that represent
the density of agents passing through specific nodes during a given
time interval. Summing the congestion of each node and dividing
by the number of agents calculates the average congestion to
incorporate into the heuristic function. This guides the search
process to avoid highly congested areas, thereby minimizing
potential collisions and improving space utilization. Therefore, this
approach considers all possibilities from the initial stage of the
search to compute more optimized paths. For instance, by guiding
the initial path configuration to avoid highly congested areas,
potential collisions in the intermediate stages of the search can be
prevented. This strategy significantly increases the success rate of
search, especially when multiple agents move simultaneously in
complex environments, through the use of space-utilized heuristic

functions.

3.3 Prioritizing Conflicts for Space Utilization

The Prioritizing Conflicts is a method for determining which
conflict should be resolved first when conflicts happen between
agents. This method classifies conflicts into three types: Cardinal

Conflicts, Semi-Cardinal Conflicts, and Non-Cardinal Conflicts,
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Fig. 4 Low level search heuristic calculation example

based on whether resolving the conflict causes an increase in the
cost of the child nodes relative to the parent node. Cardinal
Conflicts take place when the cost of the child nodes is higher than
that of the parent node, Semi-Cardinal Conflicts occur when the
cost of one child node’s increases while the other remains the
same, and Non-Cardinal Conflicts occur when the cost does not
increase. PC primarily prioritizes conflicts based on path costs,
addressing the highest-priority conflicts first to enhance the overall
efficiency of search. In this approach, the path cost is determined
by summing the path costs of all agents and then calculating the
difference from the previous path costs to determine the priority of
each conflict.

However, the traditional PC approach has limitations as it only
considers costs without sufficiently reflecting space utilization. In
this study, we propose an enhanced conflict prioritization method
that incorporates congestion, considering both cost and space
utilization simultaneously. To achieve this, we calculate the
congestion-based increase in value after determining each agent’s
path. If all child nodes have higher congestion and path costs
compared to their parent nodes, the conflict is defined as a Cardinal
Conflict. If only one child node shows an increase in both congestion
and path cost, it is classified as a Semi-Cardinal Conflict. If none of
the child nodes meet the conditions for congestion and path cost
increase, it is classified as a Non-Cardinal Conflict.

This method comprehensively considers both the path cost and
congestion increase of the child nodes to determine the optimal
conflict prioritization. An increase in congestion directly impacts
space utilization, making conflict resolution that accounts for this
factor more efficient during the search.

Additionally, the cost increase is defined as the sum of the
changes in path cost and congestion cost. By resolving not only
conflicts with the greatest impact on the total solution cost but also
those with a huge impact on congestion, the number of expanded
nodes at the High-level Node can be reduced. This approach plays
a critical role in solving multi agent search problems in dense
environments, resulting in improved computational efficiency and

enhanced solution quality.

Algorithm 3: Get low-level congestion cost

1 moves < {}

2 cost<— 0

3 for each m in moves do

4 if m.id == current Node.id then

5 continue

6 end if

7 distance — J(m.i—goal.i)?+ (m.j — goal j)?

c array[m - — g }[m. il[m.j]

timestep

8 cost < cost + -
distance

9 end for

10 he—h+ (Lﬁ
moves.size(

3.4 Congestion-base Low-level Search Heuristic Function for
Space Utilization

This paper proposes a method that incorporates congestion into
the heuristic function of the Low-Level Search to preemptively
identify paths for a single agent that will not cause conflicts with
the paths of other agents. This method focuses on identifying paths
that can avoid potential conflicts with other agents, even when the
costs are identical, by considering congestion. To accomplish this,
the congestion at each potential node is calculated and reflected in
the heuristic value during the search process for a single agent.
Specifically, as the agent evaluates potential paths from one node
to the next, the congestion of the surrounding nodes is measured
and integrated into the heuristic. For example, as shown in Fig. 4,
if an agent is evaluating moving from Node N, to Node N,, the
congestion around N, is assessed by inspecting the nodes in the
blue region. This process predicts the congestion in the future paths
and determines the feasibility of moving to N.

Congestion calculation is performed using a Congestion Array.
The congestion around N, is computed by considering the
congestion levels of nodes accessible from N,, based on the
Congestion Array, and then dividing this value by the distance
from N, to the goal node. The heuristic value is determined by
summing the congestion of all nodes and then dividing by the
number of accessible nodes. This approach enables the anticipation
of future congestion during the search process, allowing the agent
to avoid moving to nodes with high surrounding congestion. This
is particularly effective in preventing conflicts when multiple
agents navigate in complex environments simultaneously.
Therefore, incorporating congestion into the Low-level Search

improves space utilization and increases search success rates



322/ April 2026

ro

THUSSEX| M43 H M4
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Fig. 5 Example of grid map for evaluation. (a) empty-16-16, (b)
warehouse-10-20-10-2-2, (c) den520d

compared to traditional search algorithms, while minimizing

conflicts between agents.

4. Experiments

4.1 Evaluation Setup
To evaluate the impact of the proposed heuristic modifications
on CCBS-DS-PC-H, we conducted extensive experiments ac- ross
various MAPF scenarios. We compared the conges- tion-based
space utilization heuristic with the H2 heuristic proposed in
previous research. The experiments were conducted on three grid
map environments shown in Fig. 5: empty-16-16, warehouse-10-
20-10-2-2, and den520d.
e empty-16-16: A grid map with wide-open spaces to evaluate
performance in low density, unobstructed environments
o warehouse-10-20-10-2-2: A structured grid resembling a
warehouse with narrow aisles, representing high-density
environments
e den520d: A complex, obstacle-rich map to assess the
algorithm’s robustness in dynmic and cluttered scenarios
In each scenario, the agents were modeled as disk-shaped
entities with a radius of /2/4 . The time limit for each computation
was set to 1 minute. The experiments were conducted on a
computer with a Ryzen 5800x CPU and 32GB RAM. The
neighborhood structure was defined by a 2* neighborhood, with &
set to 3 and 5 for comparative analysis. The primary metrics used
for comparison were the number of CT (Constraint Tree) node

branches and the success rate of the computations.

4.2 Evaluation Results and Analysis

The experimental results illustrate the superior performance of
CCBS with the proposed congestion-based space utilization
heuristic. As shown in Fig. 6, the proposed heuristic maps,
demonstrating the consistent superiority of the congestion-based
approach.

This performance improvement is further validated by the
results shown in Fig. 7 where the number of CT node branches are

compared. The results refer to the congestion-based heuristic that
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Fig. 6 Success rates for CCBS and its modifications on different 2%
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reduces the number of branches by up to 100 times in certain cases,
with a minimum reduction of at least 10 branches. This reduction
in branching can be attributed to the increased space utilization,
which lowers the likelihood of collisions with other agents. These
conclusions suggest that broad space utilization during pathfinding

can significantly reduce the risk of future collisions.
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The results of this experiment demonstrate the impact of
integrating congestion-based heuristics into CCBS. By prioritizing
space utilization, the proposed approach improves computational
efficiency, increasing the success rate of pathfinding in complex
environments. These findings highlight the necessity of space
utilization in future research of multi-agent pathfinding algorithms,
especially in environments with high agent density or numerous

obstacles.

5. Conclusion

In this study, we introduced an approach to optimize space
utilization in the enhanced CCBS algorithm to increase the success
rate of MAPF. By introducing congestion-based heuristics for both
high-level and low-level nodes and refining the conflict
prioritization method. We effectively reduced the likelihood of
collisions between agents, including a significant reduction in the
branching of high-level nodes and improved the computational
efficiency of the algorithm. Experiments conducted on various grid
maps, including empty-16-16, warehouse-10-20-10-2-2, and
den520d, demonstrated that the proposed method significantly
outperformed the existing Improving CCBS. Specifically, the
proposed method reduced high-level node branching by at least 10
times and up to 100 times, while increasing the algorithm’s success
rate by over 30% across different scenarios. Additionally, the
impact on flow time relative to existing algorithms was minimal,
confirming the practicality and effectiveness of the proposed
approach. These results emphasize the importance of space
utilization in MAPF algorithms, particularly in environments with
high agent density or complex obstacles. Future research could
explore the development of space utilization-based constraints,
guide path, and the integration of congestion-based heuristics into
other MAPF algorithms, potentially leading to even greater
performance improvements and higher success rates in real-world

applications.
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As modern warfare shifts towards electronic warfare and Intelligence, Surveillance, and Reconnaissance (ISR), there is an
increasing demand for stabilized gimbal systems mounted on tracked vehicles to operate reliably in harsh combat
environments. However, high-frequency disturbances generated by the vehicle can degrade the quality of the imagery
produced by these systems. To mitigate image blur caused by vibration, elastomeric isolators are used; yet, their nonlinear
behavior under shock and vibration makes performance prediction challenging. This study aims to model the nonlinear
dynamics of these isolators and identify the optimal configuration. Numerical simulations were conducted fo pinpoint leading
candidate isolators, which were then tested through operational vibration and shock assessments on four isolators with
varying stiffness. The selected isolator achieved vibration attenuation of 83% on the X-axis and 72% on the Y-axis. It also
met a safety margin of 1.54 for the image sensor and demonstrated durability through endurance testing.
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NOMENCLATURE k = Static Spring Rate
dy, = Shock Deflection ki ~ Dynamic Spring Raté
d, = Static Deflection ks = Shock Corrected Spring Rate
d —  Total Deflection S; = Input Random Vibration
d, = Deflection due to Vibration ! = Shock Input Pulse Duration
£ = Natural Frequency T, = Resonant Transmissibility
£ = Shock Natural Frequency I, = Shock Transmissibility
g = Acceleration due to Gravity w = Supported Weight
g = Vibration Acceleration Output X, = Vibratory Output Motion
G, = Input Shock Level Grus = Root Mean Square Acceleration in g Units
G, = Shock Response Acceleration IE = Isolation Efficiency
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Table 1 Elastomeric isolator performance characteristics

Isolator Dynamic spring rate [N/mm]
No. Radial axis (X & Z) Axial axis (Y)
0 96.8 1152
1 195.3 244.8
2 384.8 554.2
3 892.4 663.4
4 1969.8 1905.7
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Table 2 Predicted performance values of the isolators

Isolator No.
Section Axis
0 1 2 3 4
X&Z 35.2 50.0 70.2 106.9 158.9
Natural frequency f, [Hz]
Y 384 56.0 84.3 922 156.2
X&Z 1.0 0.6 0.3 0.2 0.2
Total deflection d, [mm]
Y 0.8 0.5 0.3 0.3 0.2
X&Z 3.5 3.6 2.9 2.6 1.9
Shock deflection d;, [mm]
Y 3.6 32 2.5 2.1 1.7
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Table 3 [solator characteristics during operational vibration

Section Isolator No.
Axis Data 1 2 3 4
£, [Hz] 427 745 83.0 137.9
X T, 2.57 3.11 393 5.02
Grus 0.675 0.845 1.712 2421
IE 87% 83% 66% 52%
£, [Hz] 435 732 106.2 152.6
v T, 223 2.81 4.36 5.49
Grus 0.767 1.071 1.241 1.715
IE 80% 72% 67% 55%
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Table 4 Shock test results for isolator (maximum shock responses)

Section Isolator No.
Axis 1 2 3 4
X [G] 82.9 46.3 442 434

Y [G] 82.1 45.0 44.5 42.6

& =ole AR HA s QPEeh HE e Rl Asel

=2 o 559
TS A gote] 2 EA T B4 BAS ssigon,
O ANE shgos AR 450 el sl B BeEe)
8 oRhe BASKE A U FAARES Sste] Al whe
4 248 ANt
SR AT AR RE gk W M e 0v )
F7} 08 mm 402 1 Aol7k A3 A 1k QP HelgloLt,
F7o] Tt WSl o] W A9 AmAL] AFE3S mm)S
Zpeh 0, 19 HRITE AEE 4 gtk $aTe F4
Bigls 7|21 wisleh Aol Aol we Aukelat 3
MR o] olEgh 71 BAE 2] uhitel] Z4e] e

4
i',
is
>
i)
i
k1
o
=
offt
?
rir
>

N o
ofo
o
uw
o
N
=
> o

$ fo
%
Job oo N

=)

glon, 034 W77
SH= Ao shlgith. Tk A
g o 4AL ool A BS, mE 7

3
~
=
o
>
1o
-+
)

o i

i

o &1

&)

=2

o of
2 N [ Hoofn

o,

lo

=

Jo o

)

off
et

e
o ol
ox

2
e
ofr
1o
Y
;
N
2
N
N
N
lo
i)
o
_EI_
b
il
o
N
et
4>
N,

AEEAS gRlstdlet ol 4 vl H=sH 52 F

ih

o Ql7bem shulet mESY FANWEB0 GF 2T §
St ool YT S0 ojojdl Aow At %
Aol 2,3, 48 BT BE FEoHE AL AT 4 )
otk
et

NPT A Ak, 29 AL Al SR A the) ot
SH7t 25 oo R Uehgon, 28 A g T 83%9)
7H4] BES RTh e 30 G 27 27N 1549 SBu)2
20w Fijet mES F2 A Tl 172 529 QHES S
sfo] A% W 32 A5lA Mg 958 54 kgl
spREro R Wy ABE Sastel, S STt S9E

2§ D A4 2§ AolE BAZH gl 2] it g

Ao Ak el e BT AYHOR AF] 2
L= Hape molEh A Bl 218 A WA

A7 AL 7S AXshe

-+

lo

B

~N

™ o
ox

r
L5
ox

olr

[e]
o
o 20 AEe] AA) A Bgol Fsstn] HHate
I A RO 2 B8 7Rs T A0 B,

REFERENCES

1. Hwang, S. P, Park, J. H., Hong, S. K., (2012), Control system
design for a UAV-mounted camera gimbal subject to coulomb
friction, Journal of Institute of Control, Robotics and Systems,
18(7), 680-687.

2. Cha, J. H,, Shin, M. J., Jeon, H. L, (2022), A study on quality
improvement of EOTS shock test for 30 mm wheel type air
defense system, Journal of the Korea Academia-Industrial
Cooperation Society, 23(11), 492-497.

3. Song, A. Y., Yim, S. H., Kwon, B. O., Han, D. H., Jung, H. J.,
(2021), Structural design through test and analysis of structure
equipped with vibration isolator system, Journal of Transactions
of the Korean Society for Noise and Vibration Engineering,
31(6), 589-596.

4. Kim, S. W, (2020), A study on dynamic parameters
identification of elastomeric isolator in the aerial EO equipment
with multi-axis gimbal, Ph.D. Thesis, KAIST.

5. Kim, K. S., (2021), Shock displacement analysis and test of the

elastomer isolator for electro-optical tracking system,
Proceedings of the Korean Society of Mechanical Engineers

Spring Conference, 1944-1947.

6. Choi, J. W,, (2021), A Study on the structural stabilization design
for vibration attenuation of ultra-light EOTS platform, M.Sc.
Thesis, Hanseo University.

7. Kang, C. W., Park, H. S., Kwag, D. G, (2023), Study on rubber
damping characteristics of vibration reduction mounts for UAVs,
Journal of the Convergence on Culture Technology, 9(6), 927-
933.



332/ April 2026

10.

11.

12.

13.

14.

15.

Cho, H. C., Kwag, D. G, Sim, H. J., (2019), A study on the
stabilization of gimbal considering the position of gyro sensor,
Proceedings of the Society for Aerospace System Engineering
Fall Conference, 355-356.

Yeo, S. M., (2018), Gyro drift compensation based on Kalman
filter and disturbance torque feedforward compensation control
for 2-axes gimbal structured line-of-sight stabilization system,
M.Sc. Thesis, Gachon University.

Kim, H. W,, Han, S. L, Jang, J. W.,, Song, K. B., (2023), LOS
stabilization controller design of EOTS and performance
prediction using disturbance model, Journal of the Korean
Military Science and Technology Society, 26(1), 72-82.

Lord Corporation, (2011), Aerospace & defense isolator catalog.
https://ph.parker.com/us/en/product-list/lord-am-005-series-low-
profile-avionics-mount

Steinberg, D. S., (2000), Vibration Analysis for Electronic
Equipment, John Wiley & Sons.

An, B. G, Jeon, Y. G, (2023), Dynamic analysis of EOTS
equipped with vibration-proof assembly, Journal of the Korea
Academia-Industrial cooperation Society, 24(11), 726-732.

MIL-STD-810G, (2008), Department of defense test method
standard:  environmental engineering considerations and
laboratory tests.

MIL-STD-810C, (1975), Environmental test methods.

Jong In Bae

Chief Engineer in HW1 Team, Hanwha Sys-
tems Co., LTD. His research interest is
design and material engineering.

E-mail: jongin.bae@hanwha.com

Hoon Hyuk Park

Senior Engineer in HW1 Team, Hanwha Sys-
tems Co., LTD. His research interest is
design and material engineering.

E-mail: hoonhyuk.park@hanwha.com

Jae Wook Choi

Engineer in HW1 Team, Hanwha Systems
Co., LTD. His research interest is design and
material engineering.

E-mail: jwchoi@hanwha.com



St2EUZS3|X| M43 H X 45 pp. 333-343

April 2026 / 333

J. Korean Soc. Precis. Eng., Vol. 43, No. 4, pp. 333-343

Hald 7|8 2HH Hid BN Jls

http://doi.org/10.7736/JKSPE.025.111
ISSN 1225-9071 (Print) / 2287-8769 (Online)

H=
(==

Accuracy and Reliability of Deep Learning-based 2D Posture Analysis
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2{'), 2D image (2&H2! AFEI), 3D human pose estimation (3XF QIR RRMIZEH),

This study assessed the accuracy and reliability of a 2D image-based deep learning algorithm for posture analysis by
comparing it with a 3D motion capture system. Twenty healthy adult males participated, and nine balance parameters were
measured using both methods: body tilt (ML/AP), shoulder tilt, pelvis tilt (ML/AP), knee tilt, left/right varus/valgus, and
forward head posture. We evaluated agreement and reliability using root mean square error (RMSE), mean absolute error
(MAE), Pearson correlation coefficients, and intraclass correlation coefficients (ICC). Most parameters exhibited RMSE and
MAE within 3°, while forward head posture, pelvis tilt (AP), and varus/valgus had errors below 10°. High correlations were
found for shoulder tilt (r = 0.886) and forward head posture (r = 0.681), whereas knee tilt and left varus/valgus showed
lower correlations due to methodological differences. Both methods demonstrated high repeatability (3D: ICC > 0.90, 2D:
ICC > 0.80), with moderate-to-high agreement between methods (ICC = 0.5 for most parameters). Shoulder ftilt (ICC =
0.919) and forward head posture (ICC = 0.799) showed particularly high agreement. These findings indicate that 2D image-
based posture analysis can provide accurate and reliable assessments comparable to 3D motion capture, presenting a
more accessible and cost-effective alternative for posture evaluation in clinical and research contexts.

Manuscript received: August 20, 2025 / Revised: November 19, 2025 / Accepted: November 24, 2025
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Plane (HP, XY-plane), $=ZH-2 Vertical Plane (VP, XZ-Plane,
YZ-Plane)= 4 JRit). ofgfje} 22 WAl o2 A 4% AES
Alikgtet42].

— —
angle(P, Q, R) = angle(PQ, OR)

1) Body tilt ML = Angle(Mid; p4g rear, Foot, HP)
* Foot = Midy . rank, LroE, rroE
2) Shoulder tilt = Angle(LHUP, RHUP, HP)
3) Pelvis tilt ML = Angle(LASI, RASI, HP)
4) Knee tilt = Angle(LKNE, RKNE, HP)
5) Left knee varus/valgus =
180° — Angle(LFEP, LFEO, LTIO)
6) Right knee varus/valgus =
180° — Angle(RFEP, RFEO, RTIO)
7) FHP = Angle(Midrzar, rear, C7, VP)
8) Body tilt AP = Angle(Neck, Pelvis, VP)
* Pelvis = Mid] 4s1, rast, Lpsi, rpst
* Neck = Midcray, o7
9) Pelvis tilt AP = Angle(Midy s, rasi, Midypsi, rpsi, HP)

Table 1 Anthropometric data for 3D motion analysis

Anthropometric parameter Mean + SD [mm]
Leg length 888.05 +£42.94
Knee width 115.63 + 8.66
Ankle width 71.6 +3.70
Shoulder offset 82.43 +7.81
Elow width 92.83 +£9.97
Wrist width 36.83 +4.47

Fig. 6 Joint point and segment analysis from 2D image

1) Body tilt ML = Angle(23, Mid; s 11,12, HP)

2) Shoulder tilt = Angle(29, 30, HP)

3) Pelvis tilt ML = Angle(27, 28, HP)

4) Knee tilt = Angle(9, 10, HP)

5) Left knee varus/valgus = 180° —Angle(1, 3, 5)
6) Right knee varus/valgus = 180° —Angle(2, 4, 6)
7) FHP = Angle(15, 23, VP)

8) Body tilt AP = Angle(Midh; 25 31,32, 14, VP)

9) Pelvis tilt AP = Angle(Midh; 25, Mids, 35, HP)

Table 2 Joint points used in 2D image analysis

Num Joint points Num Joint points
1 Left hip 17 Left shoulder
2 Right hip 18 Right shoulder
3 Left knee 19 Left elbow
4 Right knee 20 Right elbow
5 Left ankle 21 Left hand
6 Right ankle 22 Right hand
7 Left toe 23 Head center
8 Right toe 24 Left ear
9 Left knee out 25 Right ear
10 Right knee out 26 Head top
11 Left heel 27 Left ASIS
12 Right heel 28 Right ASIS
13 Spine 29 Left shoulder blade top
14 Neck 30 Right shoulder blade top
15 Cc7 31 Left PSIS
16 Clavicle 32 Right PSIS
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Fig. 63} Table 2+= 2D o|u|X|& o] 83l B2 ¥ 2RIE 3274
oF 15719] Al 2dE HolErt

2.4 BM gy

D EAHEA] A28 Uk} vl S o] 88 B4 (D W
@)0% Be A7 2§ A;} 2D ofulx] 7ur 2
28 o8k B4 PHQD W )oR 2o AF 29 AR 2t
2 ofsfje} 2o o s,

2.4.1 Error Analysis
3D9} 2D o] ARE FFHoR Bl 15 Bt A
F 2AHRMSE)R} F Ao ©AHMAEYS A4ksIitt. RMSE
o} MAE glo] 2he5:8 & by 7t 2% Ar} hol7h Zrka
sl Ajgteh2s]. wa, B A telA] £ g 2k 245 A
o2 AZ3k7] 915H thSHE 714 (Paired ttestyS Sa)5Hac.

(M

@

2.4.2 Pearson Correlation Coefficient

% o] 23 2 AR ks 918 Tlels
5 ALkSHAT o5 F3l 3D WA} 2D WA o] 4 Ao
FrAME S A48T 26].

2.4.3 Intraclass and Inter Correlation Coefficient

3D Tt 2D W 2kl Al Wkel] S, BUR
X704 T SAE dolHE Hige R Fy A
£ ARSI o) ZF W oA 9] da S 424
74ste, 1CC ol #8453 o

1
Soe 94‘313”% E, AR o2 5o 2 24

% Hohﬂs% 2 A A% AAe] BEA Aol 2 91
ujEof, o] wlit 24 Avke] A FAAE seksr] 9l
AHgE 9ATH27)
MSy— MS,,
ICC(2,k) = 3)

k(MS.— MS
MSR+(k71)MSE+(C—E)

2.4.4 Bland-Altman Analysis

3D W 2D W 7o) AfolE melKoR uﬂvl BE
B oteEul 249 Haslgct £ el Hit x-o|(Bias)
£ Fo AAH o] YEAS MR, +196 SDE R
Limits of Agreement (LoA) ¢tof] SA7ko] dufyt x|3=A]
2 sholslol Wl 7 UAES W Biaso] 95% 127k

Table 3 3D and 2D results(unit: °) and RMSE, MAE, p-value

Balance 1y thod 2D method RMSE MAE  p-value
parameter

Body tilt ML 0784045 0.03+£0.80 0999 0.838 <0.001
Shoulder tilt  0.20+1.89 049+1.42 0951 0744 0016

Pelvis tilt ML -1.04+2.00 0.21£0.97 2.177 1.740 <0.001
Kneetilt  -0.62+1.58 -0.15+0.96 1.727 1320 0.034

L varus/valgus 5.71+£220 5.79+1.60 2.753 2.149 0.807
R varus/valgus 531+£2.48 598+1.64 3.448 2892 0.133
FHP 37.65+4.57 32.01+3.70 5.816 4.915 <0.001
Body tilt AP 2.08+1.55 1.46+2.09 1.788 1408 0.006
Pelvis tilt AP 12.46+6.06 15.31£2.97 6.028 5371 <0.001

Table 4 Pearson r, ICC, and 95% CI for 3D and 2D result

Balance parameter r ICC(2,k) 95% CI
Body tilt ML 0.544 0.633 [ 0.386, 0.781]
Shoulder tilt 0.886 0.919 [ 0.865, 0.952]
Pelvis tilt ML 0.439 0.523 [ 0.184, 0.709]

Knee tilt 0.199 0.300 [-0.172, 0.582]
L varus/valgus 0.044 0.081 [-0.539, 0.451]
R varus/valgus 0.349 0.486 [ 0.139, 0.693]
FHP 0.681 0.799 [ 0.665, 0.881]
Body tilt AP 0.606 0.734 [ 0.555, 0.841]
Pelvis tilt AP 0.468 0.541 [ 0.232, 0.726]
0= Z3Fstal o] ol LoA Hel Wol &4 4+, 3D
I 2D WS Nk o2 GARE S AR Hole Ae

3.1 3D ¥ 2D "iHo| MA| & X|=E A}

Table 3= 3D W 2D Wio] B+t % #FWAL, 1L
ZF AA 4 A 3E2] RMSEQ} MAE 7S Hoj&t). Pelvis Tilt
AP= 3D WHollA I AE HAE A Yehs e 2
QIt}t. FHP, Pelvis Tilt APE A3t T2 AlA] #+FX]%= 3D
vyl 2D " 7 RMSE < 5°¢] A3E 19l o, Shoulder
Tilt= RMSE = 0.951°, MAE = 0.744°% 7}&} 28 a5 H
g}, o] AlA| w3 A o)A 3D Wi} 2D Bz of
S G4 {3 Zfo]S Hltkp < 0.05). ¥HH, varus/
valgus A|F= 7 WHIE Zo)7} FAH R {Fo5kA] FUTHL
varus/valgus: p = 0.807, R varus/valgus: p = 0.133).

3.2 3D ! 2D HiHo| Al |} UX T 2A
Table 4= 3D YT} 2D 91 7kQ] 1]o]& AJA|<4(r), ICC
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Fig. 7 (a) Linear fit and bland-altman plot (frontal view), (b) Linear
fit and bland-altman plot (sagittal view)
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(2.k), 95% AZF7HE HolEh o] AA| 3 Aol A
T 7 r> 0.3 o] AHHAIE E3eH, Body Tilt ML,
Shoulder Tilt, FHPO| A= r > 0.52 F=3gF A5 AlatAdo] Uer
%l £3] L varus/valgus®] 7% r = 0.0442 vf-¢ & Alatat
AE B} ICC(2,k) 21, Shoulder Tilt, FHP, Body Tilto]| A]
ICC > 0.72 =& AX =5 R o, L varus/valgus, Knee Tilt
= ALt YA A BEHE ICC > 0.52 HE o]ifo] U
L7h gl

Figs. @2} 7(by= 3D W} 2D W 7o) Mg 23 1o
o} EEUET T ZE BojFEr) Figs. 6(ay= FH o]u|
Aol A =7gF 671 X FE(Body Tilt ML, Shoulder Tilt, Pelvis
Tilt ML, Knee Tilt, L/R varus/valgus)®] A3-E, 6(b)= =1 9]
u)z|of| Al =2t 371 X|E(FHP, Body Tilt AP, Pelvis Tilt AP)
o] ATFE Uehuit. B okERE ool dhrie] 27
4ol £196 SD Sl uloll &}, 2D Wk 3D Wz
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Table 5 Bias and limits of agreement from bland-altman plot

Balance parameter Bias LoA
Body tilt ML -0.745 [-2.063, 0.573]
Shoulder tilt 0.291 [-1.498, 2.080]
Pelvis tilt ML 1.245 [-2.287, 4.776]

Knee tilt 0.469 [-2.817, 3.755]

L varus/valgus 0.088 [-5.351, 5.526]
R varus/valgus 0.671 [-6.015, 7.357]
FHP -4.741 [-11.40, 1.919]
Body tilt AP 0.62 [-3.935, 2.695]
Pelvis tilt AP 2.86 [-7.629, 13.34]

Table 6 Repeated-measures I[CC(2,k) for the 3D method

Balance parameter ICC(2,k) 95% CI
Body tilt ML 0.907 [0.805, 0.960]
Shoulder tilt 0.985 [0.968, 0.994]
Pelvis tilt ML 0.994 [0.987, 0.997]
Knee tilt 0.996 [0.992, 0.998]
L varus/valgus 0.964 [0.923, 0.984]
R varus/valgus 0.959 [0.914, 0.983]
FHP 0.971 [0.939, 0.988]
Body tilt AP 0.968 [0.932, 0.986]
Pelvis tilt AP 0.992 [0.983, 0.997]

Table 7 Repeated-measures I[CC(2,k) for the 2D method

Balance parameter ICC(2,k) 95% CI
Body tilt ML 0.811 [0.602, 0.919]
Shoulder tilt 0.900 [0.789, 0.957]
Pelvis tilt ML 0.845 [0.673, 0.934]
Knee tilt 0.816 [0.612, 0.921]
L varus/valgus 0.991 [0.982, 0.996]
R varus/valgus 0.981 [0.961, 0.992]
FHP 0.962 [0.920, 0.984]
Body tilt AP 0.950 [0.895, 0.979]
Pelvis tilt AP 0.953 [0.900, 0.980]

3.3 3D % 2D Y v £ AR
Table 69 7= 3D 9 2D Wi zbzhe] wiE =4 A=
1CC(2.k)2k 95% A= 77he Hojze). 3

w)

u )
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rlo
u
Fr
,
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2
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Design and Verification of a Tribo-system for Measuring Ball-raceway Rolling
Friction in Smartphone Camera Actuators
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This study presents a rolling tribometer designed to quantitatively assess ball-raceway friction in ball-guided bearings, which
is critical for applications such as smartphone camera actuators, where friction impacts power consumption. Following
ASTM G133 standards, the tribometer was validated using LCP and PC materials under both short-cycle (10K cycles) and
long-cycle (1M cycles) tests. Under short-cycle conditions, LCP exhibited an average coefficient of friction (COF) of 0.011,
while PC demonstrated a COF of 0.009, both showing low variability at 2.7% and 4.4%, respectively. In long-cycle testing,
LCP maintained stable friction coefficients, whereas PC experienced a significant COF increase around 200K cycles due to
wear. Confocal microscopy revealed that the wear volume of PC was approximately 10 times greater than that of LCP after
1M cycles. Displacement-friction force analysis indicated increased energy dissipation in PC, attributed to wear-induced
surface asperities. This rolling tribometer provides a reliable method for evaluating friction coefficients and long-term
durability, yielding valuable data for optimizing actuator design and enhancing efficiency and lifespan in ball-guided
mechanisms. The quantitative friction data generated can significantly improve the performance of ball-guided systems.
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COF = Coefficient of Friction o] =2 oft[1-3].
= = 2} ExNOo B o = ] %
LCP = Liquid Crystal Polymer = ‘?”E‘ Hﬂoi 09/] U]—ZE’ U]'E S8 =R & ‘:'%9,] XHXE5
H A7), 2O FF F OISR a4 % of ofsf At 1
PC = Polycarbonate .
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(a) Raceway modeling

|I Upper Raceway

H Lower Raceway

(b) Schematic diagram of ball-raceway contact

Fig. 2 The schematic diagram of ball-raceway contact
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Fig. 3 COF (Coefficient of friction) of LCP (Red) and PC (Blue)
for 10K cycles
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(b) Worn surface of PC ( %x20)
Fig. 6 Confocal images of worn surfaces after 1M cycles (x20)
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Fig. 7 Comparison of displacement (um) — Friction force (mN)
graphs for LCP and PC at 10K and 1M cycles
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This study investigated the influence of inlet velocity on the internal flow characteristics and particle separation performance
of a cyclone separator. Computational Fluid Dynamics (CFD) coupled with the Discrete Phase Model (DPM) was used to
predict particle trajectories and separation efficiencies under different velocity conditions. The results show that increasing
the inlet velocity intensifies the swirling flow and strengthens the centrifugal force within the cyclone. As a result, the axial
velocity distribution becomes more pronounced, with stronger downward flow near the wall and intensified upward reverse
flow at the center. In the bottom outlet region (Z = 4.5D), clear flow asymmetry associated with the Precessing Vortex Core
(PVC) effect is observed, and this phenomenon becomes more pronounced as the inlet velocity increases. Particle
trajectory analysis indicates that higher velocities shorten particle residence time and promote rapid migration toward the
wall, forming compact helical paths and improving separation efficiency. Analysis using an inverse weighted-sum
performance index indicates that an inlet velocity of 15 m/s provides the most favorable balance among the evaluated
performance parameters and represents the optimal operating condition for cyclone separator performance.
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Table 1 Geometric design parameters of a cyclone separator (D, =

100 mm)
Parameters Values

D./D 0.5
a/D 0.5
b/D 0.2
S/D 0.5
h/D 1.5
H/D 4
B/D 0.38
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Fig. 5 Contours of turbulence kinetic energy distribution for different
inlet velocities: (a) 5, (b) 10, (c) 15, and (d) 20 m/s
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Fig. 6 Contours of tangential velocity distribution for different inlet
velocities: (a) 5, (b) 10, (¢) 15, and (d) 20 m/s
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Table 2 Summary of the cyclone separator performance indexes at
different inlet velocities

Vin [m/s] 5 10 15 20
Pressure drop [Pa] 57.14 267.04 654.52 121349

dp 25 [pm] 32 2.1 1.8 1.3

dp, 50 [um] 3.4 23 1.9 1.5

dp, 75 [um] 3.8 24 2 1.6

K 1.19 1.14 1.11 1.23

Piisu 1.33 1.04 1.02 1.09

Hspgo] AskEry. AN O, 71 2L K e T o]
15 m/s A Lrehdtt.
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Alcohol acts as a central nervous system depressant and is classified as a psychoactive drug that impairs cognitive alertness
and motor coordination. Driving after alcohol consumption slows reaction time in emergency situations and increases the risk
of collisions. Although various technologies have been developed to measure alcohol concentration, many suffer from
limitations such as sensitivity to environmental factors (e.g., temperature and humidity), hygiene concems, and the need for
periodic calibration. This study proposes an optical method for measuring alcohol concentration using near-infrared (NIR)
spectroscopy. Statistical analyses were conducted across multiple wavelength regions to identify wavelengths with significant
correlations to alcohol concentration. As a preliminary step, single alcohol solution samples were prepared using distilled water
and ethanol. The optical properties of the samples were analyzed in the NIR wavelength range, and statistical indicators
including the coefficient of determination (R?, p-value, and coefficient of variation (CV) were evaluated. The results identified
specific wavelengths with statistical significance, and the application of mathematical modeling at these wavelengths enabled
accurate estimation of alcohol concentration. This approach demonstrates the potential for non-invasive alcohol concentration
measurement while minimizing hygiene and infection-related concemns for users.
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Fig. 4 Changes in statistical performance indicators with respect to wavelength and optimal wavelength selection: (a) R? values, (b) P-values,
(c) Coefficient of variation (CV), and (d) Standard error of the mean (SEM)
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Table 1 Statistical performance indicators by top wavelengths

Rank 1 2 3
Wavelength 1296.64 1282.67 1286.17
R? 0.9850 0.9862 0.9863
P-value 0.00078 0.00068 0.00068
CcvV 0.0052 0.0055 0.0056
SEM 0.0035 0.0037 0.0037
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Wearable sensors are susceptible to degradation from physical wear, moisture, and desiccation, which can result in signal
aftenuation and unreliable data. This pilot study, conducted in a controlled single-participant setting, introduces a framework
to quantify and characterize sensor degradation while restoring corrupted electromyography (EMG) signals. Four types of
sensors—polyethylene terephthalate film, parylene film, 3M bioelectrode pads, and microneedle patches—were affixed to
the left forearm in a three-electrode EMG configuration. Impedance at 100 Hz was monitored as an indicator of sensor
aging, while a one-dimensional convolutional autoencoder was employed to reconstruct degraded EMG signals using a loss
function that incorporated both time-domain and frequency-domain error terms. The reconstruction loss showed a
correlation with impedance changes, providing a practical metric for assessing sensor health. These findings highlight the
feasibility of real-time signal recovery and its potential to extend the lifespan of sensors.

1. Background

Wearable sensors are increasingly used in health monitoring,
fitness tracking and environmental sensing. However, routine use
exposes them to mechanical abrasion, desiccation, and perspiration,
which accelerate performance degradation [1-3]. Such degradation
reduces measurement accuracy and attenuates signals, potentially
causing misinterpretation of physiological state and undermining
clinical decision-making [4,5]. Recent advances in epidermal and

stretchable EMG electrodes have enabled conformal and motion-
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tolerant recording, yet these studies primarily focus on sensor
design or short-term performance, rather than quantitatively
tracking progressive degradation or restoring signals [6,7]. To
mitigate these risks, we present a technique that simultaneously
assesses sensor integrity and corrects signal distortion, thereby
preserving data fidelity and extending device lifetime. Four
representative electrodes were evaluated: a rigid polyethylene
terephthalate (PET) OHP film, an ultrathin parylene film, a 3M
commercial hydrogel pad, and a microneedle (MN) patch [6].
Electromyography (EMG) was recorded in a three-electrode

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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configuration, with working and counter electrodes on the inner
forearm and a reference electrode on the wrist. Sensor aging was
quantified by measuring skin-electrode impedance at 100 Hz,
within the 20-500 Hz EMG band yet outside power-line harmonics
[7]. Changes in signal-to-noise ratio (SNR) and spectral content
were analyzed using visualization and Fast Fourier Transform
(FFT). Unlike prior studies, this framework jointly tracks
impedance, SNR, and spectral features under degradation across
multiple wearable EMG sensors, while restoring degraded signals
and providing a self-assessment metric for sensor health. This
framework is designed to support reliable, long-term deployment
of wearable sensor technology in both clinical and daily-life

applications.

2. Research Objectives

This study aims to improve the reliability and lifetime of wearable
EMG systems under degradation conditions, particularly when
prolonged recording is demanded [8]. For this purpose, four specific
goals were defined. The first objective is to quantify the performance
degradation of four representative wearable EMG sensors—PET
OHP film, 3M commercial bioelectrode pads, parylene film, and
MN patches—by tracking impedance at 100 Hz throughout the
degradation process [9]. Building on this analysis, the second
objective is to characterize the distribution of SNR and degradation
patterns across sensors, enabling investigation of sensor-specific
aging mechanisms and evaluation of signal restoration feasibility.
Third, a one-dimensional convolutional autoencoder model was
employed to reconstruct degraded EMG signals [10,11]. Finally, the
model’s reconstruction loss was used as a lightweight, on-device
metric for self-assessment of sensor condition [12-14]. This pilot
study is confined to laboratory benchtop aging experiments and
signal restoration. Future work will involve real-time embedded

deployment and multi-participant validation.

3. Materials & Methods

Fig. 1 illustrates the four representative EMG electrode types
prepared for this study. The MN patch is a rigid polymer and is
composed of 10 by 10 array of conical needles, each 850 um in
height. The entire surface was coated with a 100 nm-thick gold
layer to ensure low-impedance signal acquisition [15]. A 600 nm-
thick parylene-C membrane, coated with 100 nm of gold, was
fabricated to yield a flexible, skin-conformal electrode [16]. A 100
pum-thick commercial PET OHP film was cut and coated with

(d)

Fig. 1 Four wearable EMG sensors. (a) Microneedle patch
comprising a 10 x 10 array of 850 um tall needles, (b) 3 M
commercial monitoring electrode, (¢) 600 nm thick flexible
parylene-C film, and (d) 100 pum thick rigid PET OHP film
electrode

(b) Intentionally induced sensor degradation

Fig. 2 Experimental setup for degradation testing and EMG
acquisition. (a) Three-electrode configuration: working and
counter electrodes placed 5 cm apart on the forearm, reference
electrode on the wrist, (b) Demonstration of intentional sensor
degradation process

gold, producing a rigid electrode. 3M commercial hydrogel
bioelectrode pads were used without modification and served as
both test electrodes (as working and counter positions) and as the

constant reference electrode throughout all trials.
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Table 1 The Structure of the 1-D convolutional autoencoder

Stage Layer Output shape
Input 1,000 x 1
ConvlD
Encoder 16 filters, kernel = 3, ReLU) 1,000 16
MaxPooling1 D 500 x 16
ConvlD
(8 filters, kemel = 3, ReLU) 500 %8
MaxPooling1 D 250 x 8
ConvlD
Decoder (8 filters, kernel =3, ReLU) 250 %8
UpSampling1 D 500 x 8
ConvlD
(16 filters, kernel = 3, ReLU) 50016
UpSampling1D 1,000 x 16
Output ConvID 1,000 x 1

(1 filter, kernel = 3, sigmoid)

After fabrication and preparation, a three-electrode layout was
adopted. The working and counter electrodes were affixed to the
ventral forearm, 5 cm apart for optimal measurement, while the
reference electrode was placed on the outer wrist [17]. Each sensor
type was tested sequentially on the same location, with the surface
cleansed with phosphate-buffered saline and water, followed by
rest time to minimize variability.

Electrodes were connected to an EMG signal acquisition
breadboard. The output was monitored using a Yokogawa
DL1540C oscilloscope and digitized via an Arduino Leonardo
with a sampling rate of 1 kHz. Data were streamed via Arduino
IDE and processed using a Python script. From each 40-second
recording, the central 30 seconds were extracted for analysis to
avoid motion artifacts. The subject was instructed to maintain a
constant voluntary contraction to produce repeatable EMG bursts
of moderate amplitude.

To emulate realistic sensor degradation, each sensor was
exposed to a combination of mechanical and environmental
stressors, including desiccation, bending, rear-side abrasion, PBS
infusion, and mild heating. Sensor aging is quantified with the
impedance measurement at the skin-electrode interface. For each
degradation level, a corresponding EMG signal was recorded.
Since most surface EMQG signal energy lies within the 10-250 Hz
range, and amplifier bandwidths are typically specified at 10-500 Hz,
a minimum sampling rate of 1 kHz was used to prevent
information loss in accordance with the Nyquist criterion [18].
Skin-electrode impedance was recorded at 100 Hz using a
Keysight U1773C LCR meter, as this frequency lies within the

EMG passband while avoiding power-line harmonics [5].

Microneedle sensor Commercial gel sensor
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SNR (d8)
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Fig. 3 SNR versus sample number for (a) microneedle, (b)
commercial gel, (c¢) parylene film and (d) PET OHP film
sensors. Red arrows indicate overall decaying trend

Raw EMG traces were segmented into 1-second windows, zero-
mean normalized, and input into a one-dimensional convolutional
autoencoder (1-D CAE) developed using Keras. The model was
trained to reconstruct 1-second EMG segments using a composite
loss function combining time-domain mean squared error and
frequency-domain spectral error. The architecture is summarized in
Table 1. The network was trained on segmented signals from the
first fifteen high-quality MN recordings and subsequently applied

to severely degraded samples for signal restoration.

4. Results

As shown in Fig. 3, SNR is plotted against sample number, with
samples arranged in order of increasing impedance for each sensor
group. The impedance ranges (in kC2) for the MN, commercial gel,
parylene film, and PET OHP film electrodes were 2.64-73.92,
46.04-209, 36.71-156.23, and 19.72-74.08, respectively. The MN,
commercial gel, and parylene sensors exhibited a clear monotonic
decrease in SNR with increasing impedance. In contrast, the PET
OHP electrode maintained a nearly constant SNR despite
progressive impedance changes, indicating a weak correlation
between interface degradation and signal quality. Fig. 4 compares
the MN patch in its pristine state (Sample 1) with a severely
degraded state (Sample 20). Visual inspection reveals delamination
of the gold layer, surface cracks, and uneven surface. The
corresponding raw EMG trace shows a rise in baseline noise,
occasional dropout spikes and a reduced peak-to-peak muscle

activity.
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Fig. 4 Microneedle sensor before (top) and after (bottom)
degradation, paired with 30 seconds raw EMG signals. Note
surface deformation and elevated baseline noise

SNR Distribution by Sensor Group

14 —
= L

Sensor Group

Fig. 5 Boxplot of SNR distribution by sensor groups (n = 20)

FFT of MN_001 FFT of MN_012 FFT of MN_018 FFT of MN_020

Fig. 6 FFT magnitude spectra of MN recordings, illustrating gradual
noise growth and harmonic spikes

Raw vs Reconstructed Signal - MN_020

Amplitude
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Time [s]

Fig. 7 Time-domain overlay of raw (blue) and autoencoder
reconstructed (orange) EMG for degraded MN EMG signal of
sample 20. Denoising visibly suppresses baseline noise

Fig. 5 presents a boxplot summarizing 20 recordings for each
sensor type. Median SNR values were MN = 10 dB, commercial
gel = 10 dB with the widest interquartile range, parylene = 14 dB,
and PET OHP = 15 dB. The FFT spectra of four MN samples in
Fig. 6 illustrate a progressive increase in broadband noise and the

emergence of narrow harmonics with sensor aging. Fig. 7 overlays
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Fig. 8 FFT comparison of the same signal pair. Reconstruction
attenuates harmonic noise peaks, while preserving low-
frequency muscle energy

the raw and reconstructed EMG signals for a degraded MN
sample. Baseline noise is suppressed, while the peak-to-peak
amplitude of muscle bursts is preserved. Fig. 8 summarizes the
corresponding frequency-domain effects. The model successfully
attenuated sharp harmonics introduced during sensor degradation

while retaining the primary content of the EMG signal.

5. Discussion

The result reveals a strong relationship between skin-electrode
impedance at 100 Hz and EMG signal quality. A strong negative
correlation between impedance and SNR for the MN, commercial
gel, and parylene electrodes confirms impedance as a reliable, sensor
agnostic metric of degradation. In contrast, the absence of correlation
in the rigid OHP electrodes suggests substrate stiffness can mask
electrical deterioration, rendering impedance tracking invalid for
degradation monitoring in such devices. Beyond this overall trend,
failure modes varied by sensor type. Hydrogel desiccation
dominated the degradation process in commercial gel pads, causing
rapid impedance increases and a wide spread in SNR values [19]. In
parylene films, mechanical wear led to progressive degradation,
resulting in a steady decline in SNR. MN patches benefited from
partial tissue penetration, which helped stabilize the contact and
delayed catastrophic failure [15]. Notably, the flexible parylene
membrane maintained the highest median SNR, suggesting that
conformal contact mitigates noises until severe surface wear occurs.
The 1-D CAE restored SNR and suppressed baseline noise without
introducing spectral ~distortion. Because the model tracks
reconstruction loss during forward propagation, it enables a

lightweight algorithm to both assess and correct signal degradation.

6. Conclusion

Real-time impedance monitoring, coupled with embedded
denoising via 1-D CAE, can extend the useful lifetime of wearable

sensors, reduce recalibration frequency, and lower both
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consumable costs and clinic visits in long-term applications such as
prosthetic control or rehabilitation feedback. This pilot study
involved a single participant, and larger cohorts are required to
confirm the generalizability. Further analysis of degradation patterns
in relation to film material properties and thickness will be addressed
in future work. These findings can guide the design of durable
wearable EMG systems for clinical rehabilitation and long-term
home monitoring. Moreover, the proposed framework has potential
applications in biosensing fields, such as extending attachment times
and improving signal stability in EMG-based muscle fatigue studies,
and reducing EMG signal contamination and solving wet-electrode
issues in brain-computer interfaces studies, ultimately enhancing the

reliability of long-duration recordings [20,21].
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Methane thermal decomposition is a promising technology for producing CO,-free hydrogen. This study experimentally
examines how temperature (1,000-1,400°C) and residence time affect methane decomposition in a ceramic tubular reactor.
The results show that both the methane conversion rate and hydrogen yield increased with temperature, reaching
approximately 95% and 45%, respectively, at 1,400°C. At lower temperatures (1,000-1,200°C), residence time had a
significant impact, while at higher temperatures (1,300-1,400°C), temperature became the predominant factor. Additionally,
the formation of C, hydrocarbons, particularly acetylene (C.H,), increased as residence time decreased, negatively affecting
both methane conversion and hydrogen yield. Analysis of the solid carbon by-products identified two distinct forms:
amorphous, spherical carbon black particles and a semi-graphitic, crystalline carbon film. These findings provide essential
data for optimizing the conditions of methane thermal decomposition.
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Table 1 Experimental conditions

Case Temperature CH, flowrate N, flowrate
[°C] [LPM] [LPM]
Case 1 1 1
Case 2 1,000-1,400 2 2
Case 3 3 3
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Fig. 4 C, hydrocarbon yield to temperature & case
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Fig. 7 SEM image of carbon film
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The semiconductor industry is experiencing significant growth in production scale and investment, driven by rising demand
for generative Al, high-performance computing (HPC), high-bandwidth memory (HBM), and high-performance/high-density
chips. As a result, precision inspection and yield management at the wafer stage have become critical challenges. Probe
cards, essential for verifying a chip's electrical performance, play a vital role in yield management. However, during
repetitive inspection processes, probe cards absorb heat from the underlying chuck, leading to probe tip-pad alignment
errors that degrade contact reliability and measurement accuracy. This situation necessitates a quantitative evaluation
system based on thermo-structural coupled analysis. Additionally, the modeling process for multiple interposers and
interposer housings, along with the preprocessing of contact conditions, adds complexity due to the increasing number of
contact surfaces. This complexity can result in convergence issues and reduced accuracy. To address these challenges,
this study employs Ansys Parametric Design Language (APDL) to enhance interposer and housing modeling, as well as
contact problem resolution. It introduces a novel meshing method that positions nodes at target coordinates using point
clouds, providing an effective analysis approach applicable to large, high-density probe cards and thermo-structural
problems involving numerous contacts.
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Fig. 2 Finite element model of the probe card assembly. (a) Base
model, with interposer & interposer housing, (b) Model 1&2,
without interposer & interposer housing
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Fig. 4 Mesh of Main PCB (a) Model 1: using auto meshing, (b)
Model 2: using point cloud meshing

Table 1 Comparison of element quality and aspect ratio

Base model Modell Model 2
Avg. element quality [-] 0.92 0.92 0.79
Avg. aspect ratio [-] 1.48 1.49 2.03
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Fig. 5 Temperature distribution from FE simulation. (a) Thermal
conditions, and (b) Result of thermal analysis
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Fig. 7 Spring connection Face 1, Face 2 pair for Model 1
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Table 2 Summary of interpretation result by model

Base model Model 1  Model 2
Number of node [-] 865,871 802,859 669,235
Number of element [-] 756,334 713,485 1,036,172
Number of contact surfaces [-] 33 9 9

Maximum total deformation [um]  42.28 47.59 41.56
CP time [sec] 548525  1818.91 837.03
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Precise Control of Pore Size in Hydrogel Scaffolds Fabricated by Mask
Projection Lithography with Variable Optical Magnification
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The field of tissue engineering requires versatile scaffold fabrication technologies capable of inducing cell proliferation
and differentiation to promote functional tissue regeneration. Traditional fabrication methods face inherent trade-offs
among production speed, resolution, and cost, which hinder their ability to replicate the intricate hierarchical structures of
biological tissues. To address these challenges, we developed a mask projection photolithography system with variable
optical magnification. This system allows for precise control of the microscale feature size in the final product using a
single mask, by adjusting the optical magnification with interchangeable objective lenses and a relay lens. With this
system, we successfully fabricated porous scaffolds with reproducible pore sizes ranging from 25 to 100 um, exposing a
Poly (ethylene glycol) diacrylate (PEGDA, Mn = 700) hydrogel precursor solution through a honeycomb-patterned mask
for durations of just 3 to 10 seconds. The mask projection system presented in this study offers a powerful and efficient
platform for creating the microstructures essential for various advanced biomedical applications, including tissue
engineering, drug delivery, and organoid-on-a-chip, thanks to its unique combination of speed, precision, and cost-

effectiveness.
Manuscript received: October 2, 2025 / Revised: November 6, 2025 / Accepted: November 20, 2025
1. Introduction
NOMENCLATURE
fi = Focal Length of the Relay/Collimation Lens Tissue engineering is an interdisciplinary field that utilizes three
£ = Focal Length of the Objective Lens key elements such as cells, growth factors, and scaffolds to restore,

NA = Numerical Aperture maintain, or improve the function of damaged tissues or organs [1].

Among these, the scaffold plays a crucial role beyond providing a
mere physical support base; it provides a three-dimensional
microenvironment that orchestrates a series of biological processes

such as cell attachment, proliferation, and differentiation [2,3].

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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Therefore, fabricating scaffolds that can precisely mimic the
complex hierarchical structure of natural tissues is a decisive factor
in determining the success of tissue regeneration [4]. Over the past
few decades, various scaffold fabrication techniques have been
developed, yet each has shown distinct limitations due to a
fundamental trade-off among four key performance indicators:
speed, resolution, flexibility, and cost [5,6]. Traditional techniques
like salt leaching are inexpensive and simple but lack the precision
to control pore size, shape, and interconnectivity, resulting in low
reproducibility [7]. Electrospinning can produce nanofibrous
structures similar to the extracellular matrix (ECM), but the dense
fiber network impedes deep cell penetration and nutrient transport
[8,9].

Additive manufacturing technologies, such as 3D printing,
have opened up possibilities for fabricating complex 3D
structures with high precision based on computer-aided design
(CAD) models [10]. However, extrusion-based printing has
limited resolution in the hundreds of micrometers and slow
processing speeds. Conversely, projection technologies based on
Digital Light Processing (DLP) using digital micromirror devices
(DMDs) can achieve both high resolution at the micrometer scale
and rapid fabrication speeds [11-13]. This technology, however,
requires expensive DMD chips and precision optics, leading to
high system setup costs. Furthermore, there is an inverse
relationship between the resolution of the projected image and
the total build area, which constrains the fabrication of fine
patterns over large areas [14]. Consequently, the field of
biofabrication urgently requires a new manufacturing platform
that is cost-effective while maintaining high precision and
reproducibility, offering rapid production speed, and providing
the flexibility to create diverse structures. In response to this
technological demand, this study proposes a novel concept of a
mask projection photolithography system that actively controls
optical magnification by combining a physical mask with
interchangeable objective lenses. The key advantage of this
technology lies in its ability to optically control the size of the
final structure derived from the fixed pattern of a single mask.
This allows for the fabrication of various micro-scale structures
without an expensive DMD, maximizing cost-effectiveness,
while retaining the high-throughput advantage of projection
methods that expose the entire area at once. The ultimate goal of
PEGDA  hydrogel

microstructures with periodic porous networks using this

this study is to rapidly fabricate
innovative system and to validate its performance, thereby
presenting its potential as a versatile platform for advanced

biofabrication.

Beam
Splitter

v =i

Collimation

Condenser
Lens Lens
ﬁ=750 Objective Lens
f>=40,20,10
Magnification ( :j,;] UV Curing
1
1 0.8x, 0.4x, 0.2x —_ — N Microscope

Fig. 1 Schematic diagram of the mask projection photolithography
system with variable optical magnification, integrating a UV
curing module (cyan) and a microscopic observation module
(red)

2. Experimental Methods

Fig. 1 illustrates the optical system used in this study. The
system was designed based on an infinity-corrected platform that
integrates a photopolymerization module and a real-time
observation module.

An infinity-corrected configuration provides the advantage of
modularity, allowing additional components such as a relay lens
and a beam splitter to be inserted into the parallel optical path
[15,16]. The
photopolymerization module employed a UV LED (M365L3,

without introducing significant  distortion
Thorlabs; central wavelength 365 nm, bandwidth 9 nm) as the
excitation source, which matches the absorption spectrum of the
photoinitiator Irgacure 2959 [17]. The divergent light emitted from
the LED was collected and transformed into a near-collimated
uniform beam by a condenser lens, providing homogeneous
illumination at the mask plane [18]. Fig. 2 shows the honeycomb-
patterned physical mask placed at this mask plane, together with a
schematic illustration of the PEGDA photopolymerization process.
The patterned light transmitted through the mask was relayed by a
50-mm focal-length relay/collimation lens (Thorlabs, UV AR-
coated), which transferred the mask image toward the entrance
pupil of the objective lens. The interchangeable infinity-corrected
objective lenses (5%, 10x, 20x) then determined the final optical
reduction magnifications (0.8%, 0.4x, 0.2x, respectively) and
projected the pattern onto the hydrogel precursor surface, enabling
rapid single-shot fabrication of 2D microstructures over a large
area. To clarify the focusing tolerance and reproducibility of the

projection module, CFI LU Plan Fluor BD objective lenses



April 2026 / 387

Cover Glass —\
PEGDA Solution
Slide Glass
v
Pattern Mask
PEGDA
o © /.0 o o o
. . g
Photoinitiator Solidified

Free radical l

T S O
Photoinitiator

) l Crosslinking
Propagation v

o—e i A AN~

Fig. 2 The photopolymerization mechanism of PEGDA, including
photoinitiation, radical propagation, and final crosslinking
under patterned UV light

(Nikon; 5x, 10x, 20x) were used, having numerical apertures (NA)
of 0.15, 0.30, and 0.45 and working distances of 18, 15, and 4.5
mm, respectively. The corresponding depth of focus (DOF) was
estimated using the Rayleigh approximation DOF ~ A/NA” at 365
nm, yielding approximately 16.2 (5x), 4.1 (10x), and 1.8 pum
(20x). It is worth noting that the Rayleigh-estimated DOF
represents the theoretical diffraction-limited focusing tolerance,
while the manufacturer-reported DOF corresponds to a practical
contrast-based focusing criterion, however, both consistently
indicate that higher NA results in a shallower focusing range.
These quantitative optical specifications ensure that the projected
pattern remains well-focused during exposure, supporting reliable
pore size reproduction across the magnification conditions. Figure
3 displays the precision 3-axis motorized stage integrated into the
system. It provides micrometer-level repeat precision and was used
for accurate focus control (Z-axis) and sample positioning (X-Y
axis).

Poly(ethylene glycol) diacrylate (PEGDA, Mn = 700), known
for its excellent biocompatibility, was used as the photocurable
polymer. The PEGDA monomer was dissolved in ethanol at a 1:4
(v/v) ratio to reduce its viscosity and improve handling.
Subsequently, the photoinitiator Irgacure 2959 was added to a
concentration of 0.5 wt% of the total solution and completely

dissolved using a magnetic stirrer in a dark environment to prepare

Optics Module
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(mm scale)
Cover Glass (1.5t)
%\5«\“‘
z
b E
= aoo’br,,gE
&
=
3-Axis Stage X- Axis Stage
( pm Scale ) ( mm Scale)

Fig. 3 Configuration of the motorized stage system for sample
positioning and optical focusing

the precursor solution. The principle of this process relies on the
decomposition of Irgacure 2959 upon UV exposure to generate
free radicals, which initiate chain polymerization of the terminal
acrylate groups of PEGDA, forming a 3D crosslinked hydrogel
network. The micropatterning process began by dispensing a
specific amount of the PEGDA precursor solution onto a glass
slide. The Z-axis stage was then adjusted to focus the objective
lens on the solution surface. With the honeycomb mask in place,
the UV LED was turned on to expose the pattern for a duration
optimized for each objective lens’s magnification and light
intensity. Specifically, the exposure times were 10 seconds for the
5% objective lens (0.8% reduction), 6 seconds for the 10x objective
lens (0.4x reduction), and 3 seconds for the 20x objective lens
(0.2% reduction). After patterning, the unreacted precursor solution
was removed by washing the sample several times with ethanol.
The samples were then dried, and the geometry and dimensions of
the fabricated hydrogel structures were observed and measured

using an optical microscope.

3. Results and Discussion

The optical performance of the system was validated prior to the
experiments through optical simulations (Zemax OpticStudio).

Fig. 4 presents the spot diagram simulation results for the
imaging optical module at each reduction magnification. From
these results, it can be confirmed that the geometric radius of the
spot formed on the image plane systematically decreases as the
optical reduction magnification increases from 0.8% to 0.2x. A spot
diagram illustrates how finely light is focused into a point on the
image plane after passing through an optical system; a smaller and
denser spot indicates higher resolution. The simulation results

demonstrate that the designed optical system has sufficient
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Fig. 4 Spot diagram simulations of the imaging optical module
showing chromatic performance at different reduction
magnifications: (a) 0.8x, (b) 0.4x, and (c) 0.2x. The
wavelengths simulated are 370 (red), 365 (green), and 360
(blue)

Fo e esH»
‘28 L R R KR
IR I I R R N
LR 8 8 8 JE L 3 3L
JE 3 3E 38 0 B N

Fig. 5 Optical microscope images of hexagonal hydrogel scaffolds
fabricated at reduction magnifications of (a) 0.8%, (b) 0.4x,
and (c) 0.2x

performance to theoretically form high-resolution patterns at each
magnification, providing a crucial basis for validating the
feasibility of the actual system fabrication.

Fig. 5 shows the actual patterning results from the system
fabricated based on the simulation results. It is evident that the

honeycomb pattern was transferred into the hydrogel with very

high fidelity under all conditions. The fabricated structures formed
a uniform and perfectly interconnected porous network, which is
an essential characteristic for cell migration and nutrient supply
within the scaffold. Table 1 summarizes the average pore diameters
measured at each magnification. To ensure reproducible pore size
evaluation, the optical microscope images in Figs. 5(a)-5(c) were
analyzed using an image-based measurement procedure. The pixel-
to-micrometer conversion factor was calibrated using the scale bar
in each image, and the pore boundaries were segmented to extract
the pore area 4. Although the pore geometry follows a hexagonal
lattice, the pore size was represented using the equivalent circular
diameter D, g L//T/ﬂ, which is a standard descriptor for
comparing non-circular pore structures based on area. In the
overlaid images, the red crosses indicate the centroid of each pore,
while the green circles represent uniform-radius overlays
corresponding to the mean D,, for each magnification condition.
This confirmed that more than 95% of the pores across the
patterned region were consistently detected, demonstrating high
uniformity in pore size across the scaffold. Results of 100.5 + 4.2
pm with the 5x objective lens (0.8x reduction), 51.2 + 2.8 um with
the 10x objective lens (0.4x reduction), and 25.8 + 1.9 pum with the
20x objective lens (0.2x reduction) were obtained. The very small
standard deviation in the measured values experimentally
demonstrates the high precision and reproducibility of this system.
Notably, these results were achieved with a rapid, single exposure
process lasting only 3 to 10 seconds, which clearly shows the high-
throughput capability of the system. This phenomenon of pore size
control can be explained by the optical property that the Numerical
Aperture (NA) increases as the magnification of the objective lens
increases. According to the Rayleigh criterion, the resolution of an
optical system is inversely proportional to the NA; thus, a 20x
objective lens with a high NA can create finer pores. The key
significance of this research is that it presents a cost-effective and
practical method for precisely controlling the feature size of the
final structure in the range of tens of micrometers simply by
changing the objective lens, without the need for expensive DMDs
or complex laser scanning equipment. The ability of this system to
precisely control pore sizes in the range of 25 to 100 um is of great
importance from a tissue engineering perspective. The 'optimal’
pore size for a scaffold varies depending on the type of tissue to be
regenerated. For instance, in cartilage regeneration (chondrogenesis),
smaller pores of 25-50 um are advantageous for promoting initial
cell attachment and enhancing cell-to-cell signaling by providing a
high specific surface area. In contrast, for bone regeneration
(osteogenesis), larger pores of 100 um or more are essential for
securing space for vascularization and osteocyte infiltration.

Achieving a uniform and interconnected porous network with
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Table 1 Experimental parameters and resulting pore diameters for
fabricated hydrogel scaffolds

L Optical Pore
Mode Objective reduction E?<posure dia.
lens time [s]
mag. [nm]
5x 0.8x 10 100.5+4.2
Projected 0.4 6 512428
mask
20x 0.2x 3 258+1.9

precise pore size control (ranging from 25 to 100 pm) establishes
the morphological foundation for the scaffold's structural stability.
Moreover, these structural characteristics play a critical role in
mimicking the extracellular matrix (ECM) microenvironment of
specific target tissues, such as the aforementioned cartilage or
bone. Therefore, the wide range of pore size control offered by this
system provides a powerful experimental platform not just for
creating structures, but for systematically studying and optimizing
the scaffold microenvironment to match specific cell types and
regeneration goals (e.g., cartilage vs. bone), which constitutes its
academic significance. The potential biological applicability of this
system could be further expanded if future studies incorporate the
optimization of mechanical properties, such as compressive

modulus, by adjusting the PEGDA concentration.

4. Conclusion

In this study to overcome the technical limitations of scaffold
fabrication for tissue engineering, a new mask projection
photolithography system capable of optical magnification control
was successfully designed, fabricated, and validated. The
developed system was demonstrated to provide an excellent
combination of high throughput, high resolution, and process
flexibility. The main achievements are as follows. First, the
ability to rapidly fabricate porous hydrogel scaffolds with
precisely controlled pore sizes within the biologically significant
range of 25-100 um in a matter of seconds using a projection
mode was confirmed. Second, it was shown that the micro-
dimensions of the final structure could be effectively controlled
simply by changing the objective lens, enabling the fabrication of
customized scaffolds for various tissue engineering needs. In
conclusion, this research expands the horizons of biofabrication
technology through an efficient approach of mask projection
patterning and lays a solid foundation for its development as a
core tool for understanding and reconstructing complex

biological systems in the future.
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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?
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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.



I Code of Ethics for Academic Activities

¢ Full Text of Code of Ethics for Academic Activities of the Korean Society for Precision Engineering: https://jkspe.or.kr/policy/ethics.php
* 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.
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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, Gontrol 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

KSOE
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International Conference on

SiInGarPore

PRecision Engineering and Sustainable Manufacturing PRESM  fascion Made possibie

PRESM

202

June 28 sun - JUIV 3 Fri, 2026
Marina Bay Sands EXPO, singapore

Topics & Scope Important Dates

1. Manufacturing Processes

2. Machine Tools & Systems

Deadline for Abstract Submission of Regular Session:

February 2(Mmon), 2026

3. Automation, Measurement & Control

4. Materials & Design

Deadline for Acceptance Notification: (Mail from the PRESM Secretariat)

March 31(tue), 2026

5. Micro/Nano Technology

Deadline for Early Registration/ Presenter Registration:

May 1(Fri), 2026

6. Bio & Health

7. New and Renewable Energy

8. Sustainable Technology

Full Paper Submission (Optional):

May 1(Fri), 2026

Participating Journals e

1 International Journal of Precision
Engineering and Manufacturing (IJPEM)

*SCIE, SCOPUS / Impact Factor 3.6 (2024), Q1

2 International Journal of Precision Engineering and
Manufacturing-Green Technology (IJPEM-GT)

*SCIE, SCOPUS / Impact Factor 5.6 (2024), Q1

3 International Journal of Precision Engineering and
Manufacturing-Smart Technology (IJPEM-ST)

4 Journal of the Korean Society for Precision Engineering (JKSPE)

*SCOPUS

Organizer

|< E : E Korean Society for
e ma.

Precision Engineering (KSPE, Korea)

Co-Organizers Supported by
GJSP[Q The Japan Society for [ =] Taiwan Society for Singapore Exhibition
Precision Engineering (JSPE, Japan) =P = == Precision Engineering (TSPE, Taiwan) =, & Convention Bureau

PRESM2026 Secretariat ¢} www.presm.org =z presm@kspe.or.kr
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