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Note: Artificial intelligence regulation is continuing to evolve across the world. The use cases presented in this deck are illustrative and are intended to support discussion of potential applications of physical artificial intelligence. Before deploying any artificial
intelligence system, organizations should assess the regulatory requirements that may apply to their specific use case and implementation context and consider any corresponding safeguards that may need to be implemented.
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Foreword

Artificial intelligence is expanding from the screen into
the physical world.

(G

A new generation of Al systems can now perceive physical environments, reason about them, and take action within them. Physical Al is not a distant prospect; itis actively being deployed in
factories, warehouses, utility networks, hospitals, farms, city streets, and homes. And the pace of adoption is accelerating.

This dossier features use cases across six major industries—Consumer; Energy, Resources & Industrials; Financial Services; Government & Public Services; Life Sciences & Health Care; and
Technology, Media & Telecommunications—as well as a chapter of use cases that apply broadly across many industries.

For each industry, how Physical Al is being used, or may soon be used, to address operational challenges, improve safety and reliability, and create new sources of value is explored. The use cases
span the range of Physical Al applications and form factors, including autonomous mobile robots (AMRs), drones, humanoid robots, autonomous vehicles, quadrupeds, and task-specific
machines.

At the frontier of this evolution are dark factories—highly autonomous operating environments where Physical Al enables systems to run continuously with minimal human presence under
governed oversight—demonstrating that Physical Al is not a distant prospect, but an emerging operational reality.

Deploying Physical Al at scale is not simply a technology challenge. It requires reimagining how work gets done, how humans and machines collaborate, and how accountability is defined when
autonomous systems act on an organization's behalf. The following pages address where Physical Al stands today, where it’s headed, and the governance principles that should guide its
responsible deployment.

The goalis to help business and government leaders assess where Physical Al is most relevant to their organizations, understand what successful deployment actually requires, and build the
strategic perspective to act with both ambition and discipline.

N
Nitin Mittal Jim Rowan Sam Roddick Chris Lewin

Global Al Leader Deloitte US, Head of Al Chief Strategy Officer, Global Consulting Services AP Strategic Growth Offering Leader
Deloitte LLP Deloitte Consulting LLP Deloitte Global Deloitte Singapore T&T Pte Ltd. 9 9
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Summary: The Life Sciences & Health Care Physical Al Dossier

In sectors where precision, reliability, and human welfare are inseparable, Physical Al is enabling capabilities that
were, until recently, beyond reach

G4 D'

Life sciences and health care share a defining characteristic that shapes everything about how technology should be deployed within them: the
consequences of failure directly affect human beings. A surgical error can cause harm. A drug that reaches patients after unnecessary delay
causes harm. A hospital that cannot deliver a medication on time can cause harm. This reality does not make these sectors unsuitable for
innovation; it makes them demand a higher standard of it.Z

Physical Al in life sciences and health care therefore operates under requirements that are highly stringent. Validation standards for Al systems
that touch clinical or manufacturing processes are rigorous by design. Regulatory pathways for Al-assisted medical devices and procedures

introduce additional time and cost into deployment. And the human oversight requirements in clinical environments are non-negotiable: Physical @
Al in health care augments clinicians; it does not replace their judgment.

Within those constraints, however, the opportunity is substantial. Health care is structurally labor-intensive, with skilled professionals spending
significant time on tasks that do not require their clinical knowledge. Life sciences research is constrained by the physical limits of how many
experiments humans can design, execute, and analyze. Pharmaceutical manufacturing demands levels of precision and consistency that human
processes struggle to maintain reliably at scale. Each of these characteristics represents a point where Physical Al can meaningfully contribute.

The sectors also face a shared workforce dynamic: a global shortage of clinical and scientific talent that cannot be resolved through recruitment
alone. Physical Al that can extend the effective capacity of existing professionals, rather than simply substituting for them, is therefore not just
operationally useful but strategically essential for sustaining the quality of care and pace of discovery that patients and health systems need.

I




The Physical Al Dossier | The Life Sciences & Health Care

Solution: [ Edge + Robotics ] [ Autonomous mobile robots (AMRs) g ]

Transforming pharmaceutical research and development (1/2)

Physical Al smart labs for drug discovery

DESCRIPTION

Physical Al-powered “smart labs” autonomously execute the
entire design-make-test-analyze (DMTA) cycle in drug discovery.
These systems desigh molecules using Al-driven computational
models (“in silico”), generate synthesis plans, and directly
execute them through integrated robotic lab platforms. These
systems orchestrate execution, physically synthesize
molecules, transfer samples via automated handling systems,
and run assays using connected lab instruments, analyze
results, and initiate the next iteration—with minimal human
intervention beyond oversight and exception handling.

ISSUE/OPPORTUNITY

Pharmaceutical discovery is constrained by slow, manual DMTA
cycles that take 8-12 weeks per iteration, limiting the number of
molecules that can be tested and delaying time-to-market for
new therapies. Traditional discovery requires manual setup of
experiments, physical sample movement, and fragmented
instrument workflows—creating bottlenecks and increasing
error risk in repetitive tasks. Capital-constrained biotech
companies face existential time pressure but lack the workforce
to scale discovery operations. Physical Al and robotics offer an
opportunity to automate up to 70-80% of standardized
processes?, accelerating cycle times and enabling faster kill
decisions on failing candidates while progressing winners.
Autonomous systems can work continuously, handle greater
experimental loads, and the improve portfolio NPV (net present
value) by compressing discovery timelines.

HOW PHYSICAL Al CAN HELP

Al-driven molecule design &
synthesis

Al algorithms design novel
molecules in silico, predict synthetic
routes, and generate execution
plans, including reagent plating,
liquid handling sequences, and
robotic orchestration.

Al-optimized experimental
design

Machine learning models predict
which experiments may yield the
most information, reducing
unnecessary data generation by up
to 50% and maximizing throughput
from existing lab capacity.2

Autonomous sample transport

AMRs transport samples between
synthesis, purification, and testing
stations. Automated assay platforms
run efficacy and safety screens,
upload results directly to Al systems,
and close the loop for next-cycle
decision-making.

Robotic synthesis & purification

Robotic arms and automated
synthesis platforms execute Al-
generated protocols autonomously,
performing liquid handling, reaction
setup, purification, and quality control
(QC) without human intervention,
operating 24/7 when facilities permit.

Real-time data analysis & adaptive iteration

Al monitors experimental outcomes in real time, evaluates performance
against objectives, identifies failures early, and autonomously designs the
next DMTA cycle—compressing iteration time from weeks to days.

I_POTENTIAL BENEFITS _I

Radical cycle time compression

Autonomous smart labs may reduce DMTA cycle times
from 8-12 weeks to under 2 weeks, enabling faster
progression of viable drug candidates, earlier
termination of failures, and significantimprovementin
portfolio Net Present Value (NPV).

Capital efficiency for biotech

Small biotech companies can deploy smart labs to
replace large discovery teams, reducing headcount
requirements while achieving higher throughput—
critical for one-product companies racing against cash
burn.

Scalable innovation infrastructure

Pharma companies can scale discovery operations by
adding parallel robotic workstations, creating a path to
continuous, factory-style drug discovery without
workforce constraints.

Increased discovery capacity

By automating 80% of standardized workflows, labs
can handle larger portfolios with the same physical
infrastructure and workforce, focusing human effort on
the 20% of artisanal, non-standardizable tasks.

Enhanced reliability & reproducibility
Robotic systems can minimize human error in

repetitive tasks, help enable consistent execution of
protocols, and capture tacit operator knowledge that

would otherwise be lost, improving data quality and
| experimental reproducibility. I
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Transforming pharmaceutical research and development (2/2)

MANAGING RISK AND PROMOTING TRUST

@ Robust and reliable

@ Silent error propagation is the most distinctive reliability risk here. Errors in robotic
synthesis, sample handling, or Al iteration decisions can compound across multiple
cycles before detection, advancing flawed candidates and discarding viable ones. This
corrupts the scientific foundation on which regulatory submissions rest. Reliability
must be validated across the full automated workflow, not just individual steps.

Responsible and accountable

@ Regulatory authorities expect documented human accountability for scientific
decisions. A system operating with minimal human intervention must have an
exceptionally robust audit trail to satisfy that expectation. Organizations must clearly
document the boundary between Al-generated recommendations and human-validated
judgments at every stage, making full traceability of experimental decisions a
deployment prerequisite, not a backward-looking governance addition.

Transparent and explainable

Regulatory accountability requires that qualified scientists can assess and stand
behind the Al's scientific reasoning—not just validate its outputs. When Al makes
decisions to drop candidates or advances molecules based on predicted properties,
the reasoning must be traceable to a standard that satisfies both internal scientific
review and external regulatory examination.
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Solution: [ Edge + Robotics ][ Task-specific

Automated drug dispensing systems (1/2)

Al-powered robotic systems for accurate and scalable medication management

DESCRIPTION

Al-powered robotic pharmacy systems automate
medication dispensing using Physical Al and robotics.
Prescription dispensing robots handle counting, packaging,
and labeling, while prescription filling robots accurately fill
vials or blister packs. Automated storage and retrieval
systems organize inventory and enable rapid access.
Combined with Al algorithms and computer vision, these
systems help enable accurate verification, dosage
calculation, and low-error, continuous pharmacy operations
with minimal manual intervention.

ISSUE/OPPORTUNITY

Manual pharmacy workflows rely on repetitive tasks such as
counting, filling, and inventory handling, which increase
errors and slow down operations. These processes are
difficult to scale while maintaining accuracy and
consistency, leading to delays and higher workload for
pharmacists. Physical Al-driven robotic systems offer an
opportunity to automate dispensing, filling, and storage,
reducing errors, improving efficiency, and enabling scalable,
high-throughput pharmacy operations.

HOW PHYSICAL Al CAN HELP nOTENTIAL BENEFITS

Al-driven prescription
processing

Al validates prescriptions, helps
ensure accurate data
verification, and reduces
manual review effort to speed
up processing.

Computer vision verification

Helps enable correct
medication identification and
labeling while detecting
discrepancies to prevent
dispensing errors.

Automated storage & retrieval

Manage inventory and help
enable fast medication access
while optimizing stock
organization and reducing
retrieval time.

Robotic dispensing systems

Automate counting, packaging,
and labeling of medications while
supporting precision and
consistency in repetitive tasks.

Robotic filling systems

Fill vials and blister packs with
high precision, reducing variability
and improving dosage accuracy.

Real-time safety checks

Detect drug interactions and
patient risks while supporting
informed decision-making for
safer dispensing.

8
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Reduced errors & improved safety

Minimize manual errors in dispensing and filling
while enhancing patient safety and reducing
adverse events.

Faster processing time

Accelerate prescription handling and delivery
while reducing patient wait times and improving
service levels.

Higher workforce efficiency

Reduce repetitive workload for pharmacy staff
with a greater focus on patient care activities.

Consistent & accurate operations

Help enable standardized and reliable processes
while improving quality control and reproducibility.

Scalable 24/7 operations

Support continuous, high-volume dispensing while
enabling pharmacies to handle increased demand
efficiently.

Optimized inventory management

Improve stock organization and retrieval speed
while reducing shortages and enhancing inventory
visibility.
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Automated drug dispensing systems (2/2)

MANAGING RISK AND PROMOTING TRUST

@ Robust and reliable

@ Medication dispensing errors cause direct patient harm—and a system that introduces
its own error modes in place of human ones does not improve patient safety; it
substitutes one risk for another. Reliability must be validated continuously across the
full range of medications and dosage forms handled, not just the products well-
represented during design and testing.

Safe and secure

A compromised dispensing system that alters dosage instructions or suppresses drug
interaction checks is not an IT problem—it is literally a matter of life and death. Security
must therefore be treated as a patient safety issue, not an IT governance issue, with
protections reflecting the direct clinical consequences of system compromise or
manipulation of prescription data and dispensing logic.

Responsible and accountable

@ Pharmacist accountability for final dispensing decisions is a regulatory and
professional requirement that Al assistance cannot displace. The governance design—
including which checks are Al-assisted and which require human sign-off—must be
explicit, enforced, and documented. This is the dimension that ultimately determines
whether the system is deployable in a regulated healthcare environment.
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Surgical robotics for microsurgery (1/2)

Al-assisted precision surgery

DESCRIPTION

High-precision surgical robots/robotic hands support
microsurgical procedures under direct human supervision.
These systems feature extremely low latency, high accuracy,
and tight integration between Al perception and physical
actuation during live operations.

ISSUE/OPPORTUNITY

Microsurgery demands precision beyond normal human motor
capability, while safety requirements leave no tolerance for
error. Manual procedures limit consistency and accessibility.
Delicate operations such as nerve repair, vascular
reconstruction, or ophthalmic surgery require movements
measured in fractions of millimeters, performed while the
surgeon's hands naturally experience tremor and fatigue.
Surgical outcomes vary based on individual surgeon dexterity,
experience level, and physical condition, creating
inconsistency in patient results for identical procedures.
Complex microsurgical techniques remain accessible to
specialists at major medical centers, limiting patient access
based on geography and surgeon availability.

The opportunity is to use Physical Al to enhance surgical
precision while keeping clinicians fully in control. Leveraging
robotic hands helps enable direct translation of surgeon intent
into controlled end-effector motions at the point of contact,
reducing tremor at the source and enabling precise force
control.

Solution: [ Edge + Robotics ][ Task Specific Robots ?]

HOW PHYSICAL Al CAN HELP nOTENTIAL BENEFITS j

High-resolution perception

Al interprets visual and sensor
data during surgery, enhancing
the surgeon's view with
maghnification, filtering, and
highlighting of critical
anatomical structures that
guide precise intervention.

Latency-constrained execution

Decisions and actions occur in
real time with minimal delay
between surgeon input and
robotic response, maintaining
the natural feel of direct tissue
interaction critical for surgical
judgment.

Safety-critical integration

Precision motion control

Robotic hand executes
movements at sub-millimeter
accuracy, filtering out hand tremor
and scaling surgeon hand
movements to finer instrument
movements for delicate tissue
manipulation.

Human-controlled operation

Surgeons retain authority over
actions, with robotic systems
translating their commands into
precise physical movements
rather than making autonomous
surgical decisions.

Al operates within strict procedural constraints including movement
boundaries, force limits, and anatomical safety zones that prevent
inadvertent damage to surrounding structures.

Improved surgical outcomes

The robotic hand helps enable finer tissue
handling and more accurate suture
placement, reducing trauma and
complication rates and improving healing
times for microsurgical cases.

Expanded treatment capability

More procedures become feasible as robotic
precision helps enable operations that
exceed manual capabilities, bringing
advanced microsurgical techniques to cases
previously considered too complex.

Consistency

End-effector level actuation and sensing
from the robotic hand deliver uniform
precision regardless of surgeon fatigue or
tremor, reducing variability in outcomes.

Patient benefit

Recovery outcomes improve through less
tissue trauma, reduced scarring, shorter
hospital stays, and lower complication rates

| that translate into better long-term function. I
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Surgical robotics for microsurgery (2/2)

MANAGING RISK AND PROMOTING TRUST

@ Robust and reliable

@ A latency spike or motion control failure during nerve repair or vascular reconstruction
is not a recoverable error—it’s a matter of life and death. Validation must reflect actual
surgical conditions, not laboratory benchmarks, and must demonstrate performance
across the full range of procedures, tissue types, and edge cases the system might
encounter in live use.

Safe and secure

The safety envelope—movement boundaries, force limits, and anatomical safety
zones—is the primary mechanism protecting patients during live procedures. Any
failure that causes the system to act outside that envelope, whether from software
error, sensor malfunction, or external compromise, has direct and potentially
irreversible consequences. Fail-safe design is not a feature; it is the fundamental
condition for clinical deployment.

Responsible and accountable
@ Surgeon accountability for patient outcomes is both a clinical and a legal requirement

that the system's design must actively support. Logs of all commands, system states,

and force feedback throughout each procedure are the evidentiary record on which that —

accountability rests. Without a complete and reliable audit trail, the governance 4

principle (“surgeon retains authority”) applies in theory but cannot be demonstrated in

practice.
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The Physical Al Dossier | The Life Sciences & Health Care

Service robots for hospital operations (1/2)

Autonomous execution of routine logistics

HOW PHYSICAL Al CAN HELP nOTENTIAL BENEFITS j

DESCRIPTION

Robots perform repetitive service tasks in hospitals, such as
transporting medications, meals, linens, and supplies.
These systems navigate human environments and interact
with staff and patients. Robots physically move items
through corridors, elevators, and clinical areas while making
real-time route and task decisions.

ISSUE/OPPORTUNITY

Hospitals face labor shortages and high turnoverin
repetitive service roles. Manual task execution consumes
skilled staff time, nurses and porters spend significant
portions of shifts transporting medications, lab samples,
linens, and supplies between nursing stations, pharmacies,
laboratories, and patient rooms.

The opportunity is to deploy AMRs to automate routine
point-to-point logistics, freeing clinical staff for direct
patient care. On-robot Physical Al enables resilient local
decision-making (obstacle avoidance, dynamic re-routing,
queued handoffs) that preserves service continuity during
peak demand or partial network outages.

Indoor navigation Task execution

Robots move safely in human
spaces, navigating hallways,
elevators, and doorways while
mitigating obstacles like
patients, visitors, equipment,
and staff moving through
dynamic hospital
environments.

Deliveries are completed
autonomously as robots transport
items between designated
locations, confirm delivery through
digital handoffs, and return for the
next assignment without human
intervention.

Human interaction handling Fleet coordination

Robots operate around people,
yielding right-of-way,
communicating arrival through
alerts or displays, and
responding appropriately when
staff or patients need to access
items or clear pathways.

Multiple robots operate together,
sharing elevator access,
coordinating routes to avoid
congestion, and balancing
workload distribution to maintain
service levels during peak demand
periods.

Operational reliability

Tasks are executed consistently with predictable delivery times, proper
handling of temperature-sensitive medications or fragile items, and
automated documentation of completed deliveries.

Labor relief

Staff focus on higher-value work; for

example, nurses can spend more time on
patient assessment and care rather than
transport and other routine service tasks.

Operational efficiency

Routine tasks are automated, eliminating
delays from staff unavailability, reducing
delivery errors from miscommunication, and
maintaining consistent service during peak
periods.

Service consistency

Tasks are completed reliably with uniform
timing and quality regardless of shift staffing
levels, employee experience, or competing
demands on human workers' attention.

Scalability

Operations expand without staffing
increases as additional robots handle
growing delivery volumes during facility
expansions and workload peaks without
proportional labor costs.

-
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Service robots for hospital operations (2/2)

MANAGING RISK AND PROMOTING TRUST

&

Robust and reliable

Hospital service robots transporting medications, lab samples, and temperature-
sensitive supplies must perform reliably across a live clinical environment that includes
crowded corridors, elevator queues, and potential network outages. Delivery failures or
unexpected stops can disrupt care workflows, delay medication administration, and
create congestion in spaces where patient safety depends on clear access.

Safe and secure
Autonomous robots in hospitals must respond safely to unpredictable human behavior,
including patients with impaired mobility, children, and individuals in distress. Physical
collisions in clinical spaces could cause injury or disrupt care. Safety boundaries must
be validated across the full diversity of people and conditions encountered in live
hospital environments, not just controlled testing environments.

Responsible and accountable

When a robot fails to deliver medication on time, delivers to the wrong location, or
causes a care disruption, accountability must be clearly allocated between the Al
developer, manufacturer, integrator, and hospital operator. Delivery logs and
operational records must be sufficient to support investigations and demonstrate
compliance with hospital governance and patient care requirements.
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Solution: [ Edge + Robotics ][ Humanoids @]

Eldercare and memory care support systems (1/2)

Addressing critical care gaps through embodied Al

HOW PHYSICAL Al CAN HELP nOTENTIAL BENEFITS j

DESCRIPTION

Humanoid robots deployed in memory care and eldercare
settings provide companionship, medication management,
and emotional support for individuals with Alzheimer's,
dementia, and age-related care needs.

ISSUE/OPPORTUNITY

Aging populations are pushing care needs beyond available
caregiving capacity, leaving facilities and families struggling
with staffing shortages, medication adherence, and meaningful
engagement for patients with cognitive decline. Overburdened
caregivers both professional and familial cannot provide
continuous supervision or companionship, while isolation and
medication errors accelerate health risks.

Humanoid Al assistants offer a path forward, they provide
consistent, support for routine monitoring, medication
reminders, and engagement—while keeping caregivers firmly in
control of clinical and judgment-intensive decisions. By
extending care continuity without replacing human empathy or
accountability, Physical Al helps stabilize care quality, reduce
caregiver burden, and improve patient well-being at scale.

Emotional connection &
companionship

Humanoid form factor helps
enable elderly individuals to
personify and connect with the
Al assistant, leveraging the
innate human tendency to bond
with physical objects. The robot
engages in conversations on
topics the patient raises,
providing stimulation and
reducing isolation.

Governed intervention

Escalation to caregivers when
thresholds are crossed. No
autonomous clinical
decision-making.

Medication compliance & health
monitoring

Al monitors medication schedules
and reminds patients to take
prescribed medications at
appropriate times. System tracks
compliance and can alert
caregivers to missed doses or
concerning patterns.

Consistent, reliable presence

Unlike human caregivers
managing multiple patients or
working shifts, the Al assistant
provides continuous availability.
Patients benefit from predictable,
patient interaction without fatigue
orirritability.

Addresses eldercare labor shortages

Augments overstretched caregiving workforce
by handling routine monitoring,
companionship, and medication management
tasks. Enables human caregivers to focus on
tasks requiring judgment and empathy.

Improves patient outcomes

Consistent monitoring and medication
compliance support reduce adverse health
events. Emotional engagement and mental
stimulation may slow cognitive decline for
dementia patients.

Reduces caregiver burden

Family members and professional
caregivers gain peace of mind from
continuous patient monitoring. System
handles routine reminders and engagement,
reducing stress on human caregivers.

Improved medication adherence

Timely reminders and compliance tracking
reduce missed doses and escalation risk,
with alerts routed to caregivers when

| needed. I
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Eldercare and memory care support systems (2/2)

MANAGING RISK AND PROMOTING TRUST

Private

Robots monitoring elderly patients with cognitive decline collect highly sensitive data—
medication adherence, behavioral patterns, and indicators of deterioration—about
individuals who may lack capacity to consent. Strict governance is essential, with
meaningful consent processes involving family members or legal guardians and clear
limits on data access, retention, and secondary use.

Safe and secure

Humanoid robots in close proximity to elderly patients with cognitive decline and
impaired mobility must behave predictably under all conditions—including when
patients become confused, agitated, or interact physically in unexpected ways. Safety
boundaries must be validated specifically for memory care populations, whose
responses cannot be assumed to mirror those of other user groups.

escalation protocols that alert human caregivers when thresholds are crossed, and
governance frameworks ensuring families and care facilities understand precisely what
the robot does autonomously versus what triggers human involvement.

Transparent and explainable
Families and care facilities deploying robots with cognitively impaired
patients must understand what the system does, what data it collects,

Responsible and accountable
@ Caregivers must retain full clinical accountability. In practice, this requires reliable

and how it escalates concerns—since patients themselves may lack /“
capacity to assess these things. Transparency obligations fall on L AN
deploying organizations, not just on individual users, given the

vulnerability of the population being served. ‘\

v
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Cleanroom manufacturing automation (1/2)

Precision operations in sterile environments

DESCRIPTION

Robotic systems perform material handling, assembly, inspection,
and localized environmental monitoring in pharmaceutical and
biologics cleanroom spaces, reducing human presence in sterile
zones while maintaining strict contamination control and validated
quality standards.

ISSUE/OPPORTUNITY

Pharmaceutical and biologics manufacturing requires sterile
production environments where contamination control is critical, and
quality failures carry massive costs. Cleanroom operations are labor-
intensive, requiring workers to don extensive protective equipment,
follow rigorous gowning procedures, and work in uncomfortable
controlled environments with restricted airflow and temperature
regulation. Human presence introduces contamination risk despite
protective protocols, as people generate particulates through
movement, breathing, and skin shedding even when fully covered.

Quality failures in sterile manufacturing trigger costly batch rejections
that can reach millions of dollars, regulatory investigations that
threaten facility operating licenses, and potential patient safety
issues that create liability exposure.

Current Physical Al systems lack cleanroom certifications and ISO
collaborative robotics standards for sterile environments, with
updated standards expected in Q3 2028.

These automated cleanroom applications—especially post-
certification can deliver substantial value in high-margin sterile
production settings where quality and consistency are paramount
and were reducing human presence directly reduces contamination
risk while maintaining production capacity.

HOW PHYSICAL Al CAN HELP

Certified cleanroom robotics

Purpose-designed systems that meet cleanroom classification
standards perform material handling, assembly, and inspection tasks
in sterile zones without introducing particulate or biological
contamination, using specialized materials and designs validated for
controlled environments.

Collaborative sterile operations

Physical Al in cleanroom manufacturing is optimized for minimal
human presence to reduce contamination risk. Over time, evolving
safety and cleanroom standards may enable limited, governed
human-robot collaboration for exception handling and complex
tasks—but this remains secondary to automation-first sterile
operations.

Al-driven quality monitoring

Advanced vision systems with closed-loop process control detect
anomalies in real-time and automatically adjust parameters to
maintain sterile processing conditions and product quality, identifying
deviations before they cause batch failures.

I_POTENTIAL BENEFITS _I

Contaminationrisk reduction

Minimizing human presence in sterile zones
reduces particulate generation and
biological contamination while maintaining
consistent environmental controls and
product quality.

Enhanced product consistency

Robotic systems reduce human variability
in repetitive tasks, delivering more
consistent results in high-value sterile
production where quality failures trigger
costly batch rejections and regulatory
scrutiny.

Regulatory compliance support

Automated documentation, process
traceability, and consistent adherence to
validated procedures strengthen an
operation’s regulatory compliance posture
in heavily scrutinized pharmaceutical

| manufacturing. I
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Cleanroom manufacturing automation (2/2) "

MANAGING RISK AND PROMOTING TRUST

@ Robust and reliable

'y Robotic systems in pharmaceutical cleanrooms must perform reliably within validated
sterile environments where any deviation—a dropped component, a missed quality
check, or an uncontrolled movement—can contaminate a batch and trigger regulatory
investigation. Reliability standards must meet pharmaceutical validation requirements,
not just general industrial robotics benchmarks.

Responsible and accountable

@ Pharmaceutical manufacturing is one of the most heavily regulated production
environments in the world. The audit trail requirement is not just good governance—it is
a regulatory obligation. When Al contributes to a quality failure, the evidentiary record
must be sufficient to satisfy FDA or equivalent scrutiny.

Transparent and explainable

Quality assurance teams and regulatory inspectors reviewing Al-driven inspection
decisions need to understand what anomalies were detected, how severity was
assessed, and what actions were taken—both to exercise oversight and demonstrate
compliance. Opaque Al quality decisions that cannot be explained to a regulatory
inspector are not compatible with pharmaceutical manufacturing standards.

«
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