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Al in Pharmaceutical Maintenance and Calibration
Programs

How Predictive Analytics, Calibration Intelligence, and Smart Equipment Monitoring Could
Improve GMP Operations

A practical, GMP-focused article for engineering, metrology, QA, validation, and manufacturing leadership.

Pharmaceutical maintenance and calibration programs are usually treated as background systems: necessary,
procedural, and heavily documented, but not always seen as a strategic source of quality intelligence. That mindset
is starting to change. As pharmaceutical manufacturers collect more data from CMMS platforms, calibration
systems, building management systems, SCADA, clean utilities, and smart sensors, artificial intelligence is
becoming a realistic tool for identifying equipment risk earlier, improving calibration decisions, and reducing
avoidable downtime.

The opportunity is real, but it must be approached carefully. In GMP manufacturing, an Al model cannot simply
decide that an autoclave can skip maintenance, that a balance calibration interval can be extended, or that a
freezer compressor trend is not product-impacting. FDA regulations still require equipment to be maintained,
cleaned, calibrated, inspected, or checked according to written programs, with records maintained where required
(FDA, 21 CFR 211.67; FDA, 21 CFR 211.68).

The best use of Al in pharmaceutical maintenance and calibration is not replacing engineering, metrology, or QA
judgment. It is giving those teams better visibility into patterns that are difficult to detect manually.

Why Traditional Preventive Maintenance Programs Struggle in GMP
Facilities
Most pharmaceutical maintenance programs are built around fixed schedules: monthly, quarterly, semiannual,

annual, or usage-based preventive maintenance. This is simple to manage and easy to defend procedurally, but it
has limitations.

A fixed preventive maintenance program assumes that equipment risk follows a predictable timeline. In reality, two
identical incubators, pumps, HVAC fans, balances, or freezers may behave very differently depending on usage,
load, location, environment, cleaning exposure, operator handling, vibration, age, and prior repair history.

This creates two opposite problems:

Maintenance Problem GMP Impact

Over-maintenance Unnecessary downtime, repeated interventions, increased
contamination or setup risk, wasted labor

Under-maintenance Unexpected failure, production delay, deviation, possible product
impact

Poor trend visibility Recurring equipment issues are treated as isolated events

Fragmented data Maintenance, calibration, deviation, and batch records are
reviewed separately

Manual review fatigue Engineering and QA may miss weak signals buried in years of
work orders

FDA's equipment maintenance regulation is not just about having a schedule. It requires equipment to be
maintained at appropriate intervals to prevent malfunctions or contamination that could affect drug safety, identity,
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strength, quality, or purity (FDA, 21 CFR 211.67). That wording matters because it leaves room for a scientifically
justified, risk-based program - but only if the company can prove that the program remains controlled.

The Calibration Problem: Drift Is Usually Visible Only After the Fact

Calibration programs face a similar issue. Traditional calibration programs often identify drift only when an
instrument is already found out of tolerance. At that point, the company must evaluate potential impact on previous
measurements, affected batches, processes, equipment, or laboratory results.

For critical GMP instruments, this can become a major investigation. A failed calibration for a cleanroom differential
pressure sensor, autoclave temperature probe, pH meter, conductivity meter, balance, or freezer temperature
sensor may require review of historical use, product exposure, batch records, deviation history, and process risk.

FDA requires automatic, mechanical, electronic equipment, computers, and related systems used in drug
manufacturing to be routinely calibrated, inspected, or checked according to a written program designed to assure
proper performance, with written records maintained (FDA, 21 CFR 211.68). Al can help by identifying instruments
that are drifting before they fail - but the final decision to change calibration frequency must remain controlled
through metrology, QA, and change control.

What Al Can Actually Do in Maintenance and Calibration

Al in this area does not need to be futuristic. The most practical applications are pattern detection, anomaly
detection, forecasting, and decision support.

In a pharmaceutical facility, Al may analyze:

Data Source Possible Al Use

CMMS work orders Identify recurring failures or assets with increasing maintenance
frequency

Calibration records Detect drift trends and predict out-of-tolerance risk

BMS data Monitor HVAC, temperature, humidity, pressure, and alarm
patterns

SCADA data Detect process equipment anomalies

Utility data Monitor WFI, purified water, compressed air, nitrogen, steam,
and chilled water trends

Sensor data Analyze vibration, temperature, current draw, pressure, flow, and
runtime

Deviation/CAPA data Correlate equipment events with quality events

Batch records Link equipment behavior to batch performance

Predictive maintenance research generally frames the value of Al around reducing downtime, improving availability,
and shifting maintenance away from purely reactive or fixed preventive strategies toward condition-based decisions
(Zhu et al., 2019). In pharmaceutical manufacturing, however, the success metric is not only uptime. The success
metric is controlled, documented, scientifically justified equipment performance that supports product quality.

Al-Based Predictive Maintenance in Pharmaceutical Manufacturing

Predictive maintenance uses data to estimate when equipment is more likely to fail or degrade. In a GMP
environment, this could apply to many systems:

Equipment/System Example Al Signal Possible Action
HVAC fan Rising vibration and motor current Inspect bearings before pressure
excursions occur
Freezer Compressor run-time increasing over Schedule service before temperature
baseline excursion
Autoclave Increasing cycle alarm frequency Investigate steam trap, gasket, drain, or
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sensor issue

Lyophilizer Longer pull-down time or condenser Inspect refrigeration performance
instability

Water system Pump current fluctuation or conductivity Review pump, valve, or loop performance
pattern shift

Filling line Stop frequency increases after specific Review setup, maintenance, or operator
intervention type interaction

Compressed air/nitrogen system Pressure instability or filter differential Replace filter or inspect regulator before
pressure trend failure

The practical value is not that Al knows the equipment better than engineering. The value is that Al can
continuously scan thousands of time-stamped records and identify patterns that humans may not notice during
periodic review.

A pharmaceutical maintenance digitalization study emphasized that maintenance activities are essential for product
quality and equipment/premises integrity, while also noting that digital transformation in pharma is challenging
because of system complexity and strict regulatory compliance requirements (Wu et al., 2023). That is exactly why
Al implementation must be built into the existing GMP quality system rather than deployed as a disconnected
analytics tool.

Al in Calibration Optimization

Calibration optimization is one of the most attractive Al use cases because calibration records are structured,
repetitive, and trendable. Al can help identify:

e Instruments with repeated as-found failures

¢ Instruments that consistently remain stable

e Drift direction and drift velocity

e Instruments affected by location, vibration, humidity, cleaning exposure, or use frequency
e Technicians, methods, or standards associated with unusual patterns

¢ Instruments that may need shorter intervals

e Instruments that may justify longer intervals after sufficient evidence

The key word is justify. Al can recommend, but it should not approve.

A practical model would look like this:

Al Output Required Human Control

This temperature probe shows increasing negative drift. Metrology reviews raw calibration history and use conditions

This balance has repeated near-limit results. QA/Metrology determine whether interval reduction or
investigation is needed

This sensor has been stable for 5 years. Change control evaluates whether interval extension is justified

This instrument has low predicted OOT risk. QA approves or rejects any proposed frequency change

Emerging research has framed calibration scheduling as a predictive maintenance problem, where models estimate
time-to-drift and support risk-aware calibration decisions (Parthasarathy et al., 2026). That concept is promising, but
in GMP it requires strong controls around data quality, model validation, traceability, and QA approval.

Integration With CMMS, Calibration Systems, and QMS Platforms

Al becomes more useful when it can connect maintenance and calibration data to the quality system. A standalone
model that only analyzes work orders may miss the GMP meaning of the trend. For example, a pump failure is
more significant if it correlates with deviations, rejected batches, recurring alarms, or failed cleaning cycles.

A mature Al-enabled equipment program may integrate data from:
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e CMMS

e (Calibration management software
e QMS deviation/CAPA system

e Change control system

e SCADA
e BMS
e MES
e LIMS

e Asset master database
e Electronic batch record system

This integration is also where risk increases. If data are incomplete, inconsistent, duplicated, or poorly governed, Al
can generate misleading conclusions. A model trained on messy work order histories will likely produce messy
predictions.

Before Al is introduced, companies should clean the basics:

Foundational Requirement Why It Matters

Accurate equipment IDs Prevents mixing history from different assets

Clear equipment criticality Allows risk-based prioritization

Standard failure codes Makes work order trends analyzable

Complete calibration records Supports drift analysis

Linked deviations Enables product impact correlation

Controlled master data Prevents Al from learning from obsolete or incorrect records
Audit trails Supports data integrity and inspection readiness

This is where many companies underestimate the work. Al is not the first step. Good master data is the first step.

GMP Regulatory Considerations

Al does not replace GMP expectations. It adds another layer that must be governed.

For maintenance and calibration programs, the most relevant expectations include:

Regulatory Area Practical Meaning for Al

21 CFR 211.67 Equipment maintenance must prevent malfunction or
contamination risk

21 CFR 211.68 Automated/electronic equipment must be routinely calibrated,
inspected, or checked under written programs

21 CFR Part 11 Electronic records/signatures must be trustworthy, reliable,
validated, access-controlled, and audit-trailed

EU GMP Annex 11 Computerized systems used in GMP must be validated and
controlled

EMA Al reflection paper AI/ML in manufacturing should follow quality risk management
and life-cycle management principles

PIC/S GMP GMP responsibilities, documentation, validation, and control
principles remain applicable

Part 11 is especially important when Al tools create, modify, maintain, retrieve, or transmit GMP electronic records.
FDA Part 11 requires controls to ensure authenticity, integrity, confidentiality where appropriate, validation of
systems for accuracy and reliability, audit trails, access limitation, authority checks, and system documentation
controls (FDA, 21 CFR Part 11). If an Al-enabled CMMS produces maintenance recommendations, calibration risk
scores, or approval workflows that become part of GMP decision-making, those records must be controlled.

EU GMP Annex 11 applies to computerized systems used as part of GMP activities and establishes expectations
for controls over computerized systems (European Commission, Annex 11). The EMA's Al reflection paper
specifically states that AI/ML use in manufacturing, including process optimization and in-process quality control, is
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expected to increase and that model development, performance assessment, and lifecycle management should
follow quality risk management principles, considering patient safety, data integrity, and product quality (EMA,
2024).

Data Integrity and ALCOA+ Concerns

Al-supported maintenance and calibration programs rely on data. If the data are not trustworthy, the predictions are
not trustworthy.

Data integrity concerns include:

e Missing work order details

e Backfilled maintenance records

e Free-text failure descriptions with inconsistent terminology
e Calibration results entered without proper review

e Uncontrolled spreadsheets used outside validated systems
e Sensor data gaps

e Manual data exports without reconciliation

e Al-generated summaries that are not archived

¢ Recommendations not linked to source data

e Model changes without audit trail

Part 11 requires secure, computer-generated, time-stamped audit trails that independently record operator entries
and actions that create, modify, or delete electronic records, without obscuring previous information (FDA, 21 CFR
11.10). For Al systems, this means the company should be able to answer:

e What data did the Al use?

¢ What model version generated the recommendation?

e What was the output?

e Who reviewed it?

e Was the recommendation accepted, rejected, or modified?

e Was a deviation, CAPA, work order, or change control created?
e Was the model later updated?

If the company cannot reconstruct the decision, the Al system is not inspection-ready.

Validation Requirements for Al-Enabled Maintenance and Calibration Tools

A traditional CMMS or calibration system can usually be validated through defined user requirements, configuration
testing, access control testing, workflow testing, report testing, and audit trail verification. Al adds complexity
because the output may be probabilistic, model-based, or dependent on historical data.

A practical validation framework should include:

Validation Element Al-Specific Consideration

Intended use

Is Al advisory only, or does it trigger GMP actions?

Risk assessment

What happens if the Al is wrong?

Data assessment

Are historical maintenance/calibration records complete and
reliable?

Model version control

Is the model locked, versioned, and traceable?

Performance testing

Can the model detect known historical failures or drift patterns?

False positive review

Does the model create excessive unnecessary alerts?

False negative review

Does the model miss known failure events?

Human oversight

Who reviews and approves Al outputs?

Audit trail testing

Are recommendations and decisions traceable?

Change control

What triggers revalidation or model reassessment?
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| Periodic review | Is model performance monitored after deployment?

FDA Part 11 requires validation of systems to ensure accuracy, reliability, consistent intended performance, and the
ability to detect invalid or altered records (FDA, 21 CFR 11.10). For Al, consistent intended performance should not
be interpreted as the same prediction every time in all circumstances. Instead, the company must define what
reliable performance means for the intended use.

For example, an Al model used only to prioritize engineering review may require a different validation burden than
an Al model that automatically changes maintenance due dates. The closer the Al gets to making or executing
GMP decisions, the higher the validation and governance burden.

Risk Analysis: Where Al Can Go Wrong

Al can improve visibility, but it can also introduce new failure modes.

Al Use Case GMP Risk Potential Impact Required Controls
Predicting HVAC failure Model misses fan degradation | Cleanroom pressure Alarm limits, engineering
excursion, deviation, possible review, routine PM remains
product impact active
Extending calibration interval Al overestimates instrument OOT calibration discovered QA-approved change control,
stability late historical review, conservative
limits
Reducing PM frequency Al predicts low failure risk Unexpected equipment failure | Criticality assessment, staged
incorrectly implementation, periodic
review
Work order prioritization Al deprioritizes critical asset Delayed maintenance on Critical equipment override
GMP-critical equipment rules
Sensor anomaly detection Excessive false alerts Alert fatigue, ignored warnings | Threshold tuning, alert
classification
Al-generated investigation Incorrect root cause Weak CAPA, repeat deviation Human investigation
support suggestion ownership, QA review
Vendor black-box model No explainability Difficult inspection defense Vendor qualification,
documentation, contractual
access to model information

The most dangerous Al failure is not a dramatic system crash. It is a confident but wrong recommendation that
appears reasonable and is accepted without sufficient review.

Realistic Case Studies

Case Study 1: Al Predicts HVAC Fan Failure Before Cleanroom Pressure Excursions

A sterile manufacturing facility uses Al to monitor HVAC fan vibration, current draw, and cleanroom pressure
recovery time. The model detects that one air handling unit is showing a slow increase in vibration and longer
recovery after door openings.

The Al recommends inspection within seven days. Engineering reviews the trend, confirms abnormal bearing noise,
and schedules maintenance during planned downtime. QA documents the review and confirms no pressure
excursions occurred.

GMP value: The Al did not make a GMP decision. It identified a weak signal early. Engineering confirmed the
condition, and QA ensured documentation was adequate.
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Case Study 2: Al Recommends Extending a Calibration Interval

A temperature sensor used in a controlled warehouse has remained well within tolerance for six years. The Al
system recommends extending the calibration interval from six months to twelve months.

Metrology reviews the full calibration history, sensor location, usage, criticality, historical deviations, and applicable
procedures. QA opens change control and approves a limited pilot extension for a group of low-risk sensors, with
periodic review after two calibration cycles.

GMP value: Al supported a risk-based proposal, but QA and Metrology controlled the decision. This is the correct
model.

Case Study 3: Al Misses Balance Drift Caused by Vibration

A laboratory balance begins drifting because it is located near new equipment that creates intermittent vibration.
The Al model does not flag the issue because historical balance data alone looked stable.

A calibration failure occurs. The investigation identifies an environmental cause not captured in the model inputs.

Lesson: Al can only evaluate the data it has. For calibration intelligence, environmental context matters. Location,
vibration, airflow, temperature, humidity, and usage patterns may be as important as historical calibration results.

Case Study 4: Al Detects a Pattern Between Autoclave Maintenance and Cycle Alarms

An Al tool identifies that autoclave cycle alarms increase within two weeks after specific gasket maintenance
events. Engineering reviews the work orders and finds variation in gasket installation technique between
technicians.

A CAPA is opened to revise the maintenance procedure, add technician retraining, and improve post-maintenance
verification.

GMP value: Al helped connect events that were previously treated separately: maintenance history and process
alarms.

Case Study 5: Al Flags Freezer Compressor Degradation Before Temperature Excursion

A GMP freezer has no temperature excursions, but the Al detects compressor run-time increasing over several
weeks. Engineering confirms the condenser is fouled and performs service before the freezer fails.

QA documents the event as a maintenance intervention with no product impact because temperatures remained
within limits and monitoring records were acceptable.

GMP value: This is a strong low-regret Al use case. The Al supports earlier maintenance without changing product
quality decisions.

Implementation Roadmap for Al in Maintenance and Calibration

1. Start With High-Value, Data-Rich Assets: Good starting points include HVAC systems, freezers, refrigerators,
autoclaves, water systems, compressors, filling lines, and critical sensors. Avoid starting with the most complex
or highest-risk decision. Start where data are available and human review is strong.

2. Clean the Data: Standardize asset IDs, work order codes, calibration result formats, failure classifications,
technician entries, and equipment criticality. Al will not fix poor data discipline.

3. Define Intended Use: Be clear whether Al will provide advisory alerts, rank maintenance priorities, recommend
calibration interval review, trigger work orders, support deviation investigations, generate reports, or
automatically adjust schedules.

4. Perform Risk Assessment: Assess the impact of false positives, false negatives, delayed maintenance,
incorrect calibration recommendations, and data integrity failures.
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Validate the System: Validate the Al-enabled tool based on intended use, Part 11 requirements, system risk,

and data flow. Include model performance testing and human review workflows.

Pilot Before Scaling: Run the Al in parallel with existing maintenance and calibration processes. Compare Al

recommendations against engineering/metrology judgment.

Establish SOPs and Governance: Define who reviews Al outputs, how decisions are documented, when QA

approval is needed, and when change control is required.

Periodically Review Model Performance: Monitor missed failures, unnecessary alerts, user overrides,

calibration prediction accuracy, and whether the Al is improving decision quality.

Human Oversight Model

Al should support, not replace, GMP responsibility.

Function Responsibility

Engineering Reviews equipment health trends and confirms technical actions

Metrology Reviews calibration drift, interval proposals, and OOT
implications

QA Approves GMP-impacting decisions, change controls, deviations,
and CAPAs

Validation Defines and executes validation strategy for Al-enabled systems

IT Controls infrastructure, security, access, backup, and system
lifecycle

System Owner Maintains intended use, SOPs, periodic review, and vendor
oversight

Vendor

Provides technical documentation, model information, support,
and change notifications

The EMA reflection paper states that AI/ML systems used in the medicinal product lifecycle should be managed
from development through decommissioning, and that manufacturers are responsible for ensuring algorithms,
models, datasets, and pipelines are fit for purpose and aligned with legal, ethical, technical, scientific, regulatory,
and GxP standards (EMA, 2024). That principle applies directly to Al-supported maintenance and calibration
programs.

Supplier Oversight for Al-Enabled CMMS and Calibration Tools

Many Al tools will come from third-party vendors. That creates supplier oversight challenges.

QA and system owners should evaluate:

Does the vendor understand GMP?

Is the Al model explainable enough for the intended use?

Can the model version be locked?

How are updates controlled?

What data are used for training?

Is customer data used to train shared models?
Are audit trails available?

Are Part 11 controls supported?

Can the vendor provide validation documentation?
Are cybersecurity controls adequate?

Is there a process for notifying customers of model changes?

A black-box Al model may be acceptable for low-risk advisory analytics, but it becomes much harder to defend
when it influences GMP-critical maintenance, calibration intervals, product impact assessments, or batch decisions.
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Future Smart Manufacturing Trends

Al in pharmaceutical maintenance and calibration will likely expand as facilities adopt Pharma 4.0 and smart
manufacturing concepts. Future applications may include:

e Digital twins of critical equipment

¢ Real-time equipment health dashboards

e  Predictive calibration scheduling

e Al-supported spare parts planning

e Automated review of maintenance effectiveness

e Integration of calibration drift into continued process verification

e Al-assisted utility monitoring

e Smart alarms that reduce nuisance alerts

¢ Risk-based maintenance scheduling based on actual equipment condition

The realistic future is not fully autonomous GMP maintenance. The realistic future is better decision support: fewer
surprises, earlier warnings, better trending, and stronger links between equipment performance and quality risk.

Conclusion: Al Can Improve Maintenance and Calibration, but Only With
GMP Discipline

Al has strong potential in pharmaceutical maintenance and calibration programs because these areas generate
large amounts of structured, time-based data. Used correctly, Al can identify equipment degradation earlier, detect
calibration drift trends, reduce unplanned downtime, prioritize maintenance, and help QA and engineering see
patterns across systems.

But Al does not remove GMP responsibility. It does not eliminate the need for written procedures, calibration
records, audit trails, validation, change control, deviation management, CAPA, or QA oversight. FDA equipment
regulations still require appropriate maintenance, calibration, inspection, checking, and records (FDA, 21 CFR
211.67; FDA, 21 CFR 211.68). Part 11 still requires trustworthy electronic records, validation, access control, audit
trails, and accountability for electronic signatures where applicable (FDA, 21 CFR Part 11).

The strongest approach is risk-based adoption: start with advisory use cases, validate the system for its intended
use, keep humans accountable for GMP decisions, and document every meaningful recommendation and action.
Al should make maintenance and calibration programs more intelligent - not less controlled.
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