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This study proposes a maintenance analysis approach using FOM -based 4M

Received 30 May 2026 integrated data obtained from CMMS and Excel systems in a pharmaceutical
Accepted 27 June 2026 manufacturing environment. The maintenance history data were reconstructed
from the perspectives of man, machine, material, and method to analyze equipment
failure characteristics based on recurrence, conditionality, and periodicity.
Keywords: Machine and man factors significantly affected equipment downtime and
Foms operational instability, while material and method factors served as supplementary
aMm ‘dafa . trigger conditions under specific operating environments. A rule-based analysis
Predictive maintenance framework is proposed to support preventive maintenance and risk identification
Smart factory without additional sensor installation. The proposed approach demonstrates
Data analysis practical utility for leveraging existing maintenance histories within industrial
environments.
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Table 1 Research procedures and methodologies

Table 2 Comparison of maintenance types

Phase Category Key Tasks and Methodologies Type Characteristics Limitations
Data collection & Extraction and standardization of Corrective Maintenance performed Risk of unexpected
Step 1 pre-processing 3-year maintenance logs from maintenance after equipment failure downtime
CMMS and Excel Preventive Scheduled maintenance |Possible unnecessary
AM-based data Classification of maintenance data and maintenance based on time or usage maintenance
Step 2 modeling identification of failure factors Predictive | Condition-based maintenance Requires data
based on 4M perspectives maintenance using operational data analysis capability
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Table 3 Summary of data collection and composition

Table 5 4M classification framework and data mapping criteria

Category Description Category Definition and scope Key mapping examples
Data sources CMMS, Excel Man Human-related factors and |Operator error, skill gaps,
Collection period |Jan. 01, 2023 — Dec. 31, 2025 (36 months) operational proficiency shift-related mistakes
Data volume Approx. 100 cases/year (total: 320 cases) Machi Phi’Sit(‘«E}l, lmeChZEi’caL arfld Mechanical wear, sensor
. Cartoning machine (cartoner) in achime clectrical coNCItions o faults, module defects
Target equipment . equipment ’
packaging process — .
Failure symptoms, root causes, actions, .. [Material quality, specifications Lot dev1at1op, pac.kagmg
Key parameters . Material ’ . ’|  defects, dimensional
timestamps, MTTR and lot characteristics T
. . variation
. 280 cases (After removing duplicates B
Final dataset . Operator setting
and incomplete records) ) o
Method Operational procedures and | variations, parameter
process management factors | setting errors, process
Table 4 Summary of data pre-processing results
changes
Step Key activities Cases Remarks
Raw dara | 0RO IS | 320 it colleeion 1915} 29§ Sl wet 2Fsisick ol 4] 2yl A1
1 Text nommalization & , A1, Adu, 2] W APy ol 2451 A Fgelck
Cloatite | ondardization | 312 |SOMCME VPO oy o qus oz w99, 224 U U WY gAS 29
Filtering |Removal of MTTR outliers| 295 | Outlier removal ZAL 71208 BEsloih B3 A9l AlEY AL o4 27,
Validation|  mPutation of agp | Missing data 5] o]z gl u] i) ARE FYH o AEslo] Au| Wt
missing values completion ]
of 7g 2 TS U 891 NFoR BRsYT
Final set Structuring 4M-based 220 | Aleorithm input i
s dataset gorrtm tnpu 7] At delde FEstr] HAs) Alof Az du] FA]
B4 RS BAT WY Aol W Vel WA ARG 5
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4M Variation Factors Equipment Failure Occurrence

Table 6 Decision Criteria for Rule-based Failure Prediction

Variation Factors Equipment Instability Failure Occurrence & Impact Type Criteria Approach
@ Man (Operator) High-risk groups were identified based
+ Operator Skill Gap D d £ identical
« Operation Eror ] Failure on repeated occurrences of 1dentica
‘ Recurrence failure types observed in historical
Machine (Equipment) | | K i  Equipment frequency int ds under simil
@9 « Componert Wear .: g‘ Bednbins maintenance records under similar
* Intermittent Comm. Error} | ||, operating conditions.
Material (Input) ,‘}’ § 5 Trigger conditions were determined
%  Material Spec. Variance [+ M\ Loss of OEE L 4M from recurrent combinations of 4M
« Quality Variation * Recurrence Conditionality . o .
« Periodicity correlations | factors identified through correlation
. Method (Operational) | | ) | Conditionalty analysis and failure pattern analysis.
=+ S0P Non-compliance [+ — - -
'ParamelerSeﬂingsError] Prediction windows were established
Periodicity MTBF |based on recurring MTBF patterns and
Fig. 2 4M failure analysis model patterns  [temporal failure characteristics derived
from historical maintenance records.
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Table 7 4M failure factors and causes

Table 8 Failure characteristics by operator proficiency

Cases | Percentage Key failure causes & Operator | Cases | Percentage Key failure causes &
4M factor
(n=280) (%) symptoms category | (n=90) (%) Symptoms
Component wear, sensor/ Inexperience in complex
Machine 134 47.9% module defects, intermittent operations, initial parameter
communication errors New 58 64.4% entry errors, lack of SOP
Operational errors by new staff, understanding leading to initial
Man 90 32.1% operator setting variations by setup faults
experienced staff Decreased attention due to
Material specification variances, repetitive tasks, differences in
Material 33 11.8% lot deviations, packaging Experienced | 32 35.6% |operating condition aI.)pl.lcatl(?n
defects (e.g., Carton Jam) by operators, and variations in
Parameter setting errors, arbitrary parameter management
Method 23 8.2% process changes, environmental
parameter mismatches Man Factor Subset: n =90
70-
175 \100‘0%
° 100% -
o/ = & 20
150 (80.0%) : S S
L 91.8% < (&)
o - j—— 80% & S 40-
% 125 g E 32 cases (35.6%)
3 ¢ Ea
g 100 60% 9 ]
-g Total Cases: n =280 'qg’
375 134 s 201
= (47.9%) 0% 3 n=32
50 33 3 10-
(11.8%) 23
(8.2%) 20%
25 o-
New Operators Experienced Operators
Machine Man Material Method 0% Fig. 4 Failure frequency and distribution by operator proficiency
Fig. 3 Failure distribution by 4M factors
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Table 9 Top recurrent failure types

Failure |Frequency| Main related Key operational
type (cases) 4M factor symptoms
Intermittent signal loss,
Sensor . .
15 Machine module communication
error
defects
Packaging material
Carton . £ g. .
m 13 Material / Method stuck, guide rail
J misalignment
Motor overload,
Motor . overheating, bearin,
11 Machine & 5
alarm wear, abnormal current
fluctuation
Parameter setting errors,
Parameter arbitr: TOCESS
9 Man / Method a p
error changes, environmental
parameter mismatches
Conveyor . Belt tension slack, motor
Y 7 Machine . .
fault driver overheating faults

Table 10 Failure trigger conditions based on 4M factors

Trigger condition
combination

Related
failure type

Major 4M
factor

System operational
risk level

New operator +
Initial Setup

Parameter
error

Man Critical

Material variation
+ High speed

Material /

Carton j .
arton Jjam Machine

High

Long operating
time + Overload

Motor alarm| Machine High

Arbitrary
parameter change

Conveyor

Meth
fault cthod

Medium
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Table 11 Impact analysis of 4M factors Maintenance History Data
I t M . f 1 (CMMS / Excel)
mpac ain failure . .
4M factor P Operational impact 1

level characteristics

FOMs Data Integration
Component wear,

. . Repeated downtime,
Machine | Very high module defects, p . . .
. equipment instability 4M Classification
structural fatigue (Man - Machine - Material - Method)
. Increased setup
. erational errors, .
Man High Op . failures, unstable ‘ !

SOP non-compllance operation Recurrence Analysis Conditionality Analysis Periodicity Analysis

Material specification Frequent jam | |
Material | Medium | variation, packaging | occurrence, forced b.g

defects equip ment StOp Risk Assessment

(Critical / High / Medium)

Arbitrary parameter | Repeated abnormal
Method | Medium | changes, poor daily | operation, process
maintenance instability ’

Maintenance Decision Support |

]

e H 2 9% 7 A= Table 1100 A | Preventive Maintenance |
A5ttt £3hdog BEMSH Ax) AHu|] 11742 Machinet Man
| 9=
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Fig. 6 Rule-based failure prediction framework
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4M Factors Parameter Error

Motor Alarm

Sensor Error Carton Jam

Man 0 1 0 2
(Operator Proficiency) (Very Low) (Low) (Very Low) (High)
Machine 2 1 3 0
(Equipment Condition) (High) (Very High) (Very Low)
Material 0 0 0
(Material Quality) (Very Low) (Very High) (Very Low) (Very Low)

Method 1 1
(Work Method) (Low) (Low)

0
(Very Low)

2
(High)

Fig. 7 Correlation between 4M factors and failure types
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