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CHAPTER 6: Advances in Facility Design

6.1 Learning Objectives

After studying this chapter, the student will be able to:

1

Define modular manufacturing and compare prefabricated modular units with traditional stick-built
facilities.

List the advantages of modular facilities — speed, flexibility, cost and scalability — with conceptual
examples.

Describe advances in cleanroom technology: pass-through chambers/dynamic pass boxes, isolators
and modular cleanrooms.

Explain how isolators protect both the product and the operator, and distinguish open and closed
isolator concepts.

Define automation in pharmaceutical manufacturing, including SCADA and BMS concepts, automated
material handling and robotics.

Explain the benefits of automation and robotics — consistency, reduced human intervention and data
integrity.

Discuss the challenges of automation — cost and validation needs — and describe the future outlook.

Relate advances in facility design to Indian pharmaceutical manufacturing and the pharmacist's role.

6.2 Definitions

Read this section first. Every technical word used in this chapter is defined here in the simplest possible
way.
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Modular manufacturing: Building a pharmaceutical facility from ready-made, factory-built sections
("modules" or "pods") that are assembled on site — instead of constructing the whole building brick by
brick on site.

Prefabricated: Made in a factory beforehand, then transported and assembled at the final location.
Like furniture that arrives ready-made instead of being carpentered in your room.

Stick-built: The traditional construction method — building the facility piece by piece ON the site
(brick by brick, duct by duct), the way ordinary buildings are made.

Module / pod: A self-contained factory-built unit — for example, a complete cleanroom section with
walls, HVAC connections, lighting and services already fitted inside.

Scalability: The ability to increase (or decrease) production capacity easily — for example, by adding
another module instead of rebuilding the factory.

Flexibility: The ability to change what the facility makes (different products, different batch sizes)
without major rebuilding.
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+ Pass-through chamber (pass box): A small sealed chamber built into the wall between two areas of
different cleanliness, with a door on each side, used to transfer materials without people entering the
cleaner area.

+ Dynamic pass box: A pass box fitted with its own supply of filtered air (and often interlocked doors
and UV light), so air flows through it and contamination cannot pass from one side to the other.
"Dynamic" = it has active airflow; a simple "static" pass box does not.

+ Isolator: A sealed, rigid enclosure with gloves or robotic arms built into its walls, inside which sterile
operations are performed. The product is completely separated from the room and the operator — a
"room within a room."

« Openisolator: An isolator concept where the enclosure is not fully sealed from the room (it relies on
airflow protection); used where full containment is not needed.

« Closed isolator: A fully sealed isolator, often operated under controlled pressure, giving maximum
separation between product, operator and room environment.

« Automation: Using machines, computers and control systems to perform manufacturing tasks with
minimum human involvement.

+ Robotics: The use of programmable mechanical arms and machines (robots) to do physical tasks —
moving vials, filling, capping, packing — precisely and repeatedly.

* SCADA (Supervisory Control and Data Acquisition): A computer system that watches over
(supervises) the manufacturing process, collects data from sensors and machines, displays it on
screens, and lets operators control the process. Think of it as the "control room dashboard" of the
factory.

+ BMS (Building Management System): A computer system that monitors and controls the BUILDING
services — HVAC, temperature, humidity, pressure differentials, lighting, alarms. If SCADA watches the
process, BMS watches the building.

+ Data integrity: The principle that manufacturing data must be complete, consistent, accurate and
trustworthy — recorded automatically, protected from tampering, and traceable to who did what and
when (often remembered as ALCOA-type principles in GMP).

+ Single-use system: Equipment (bags, tubing, filters) used once and then discarded, instead of cleaned
and reused. Single-use systems pair naturally with modular facilities because they reduce
cleaning/validation burden.

+ Continuous manufacturing: Making product in an uninterrupted flow (materials in one end, finished
product out the other) instead of batch by batch. Advanced facilities are increasingly designed for it.

+ Digital twin: A computer model (virtual copy) of the facility or process, used to simulate, test and
optimize operations without disturbing real production. (Concept-level introduction.)

6.3 Terminology Table

Modular manufacturing Factory built from ready-made sections assembled on site
Prefabricated Built beforehand in a factory, then installed

Stick-built Built piece-by-piece on site (traditional method)
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Module / pod
Scalability

Pass box
Dynamic pass box

Isolator

Open / closed isolator
Automation

Robotics

SCADA

BMS

Data integrity

Single-use system

Continuous manufacturing

A self-contained ready-made cleanroom/facility section
Easy capacity increase, e.g., by adding modules

Wall chamber for transferring materials between zones
Pass box with its own filtered airflow

Sealed enclosure where sterile work happens via
gloves/robotics

Partly protected by airflow vs fully sealed enclosure

Machines + computers doing tasks with minimum human input
Programmable mechanical arms doing physical tasks
Computer dashboard supervising the manufacturing process
Computer system controlling building services (HVAC, alarms)
Data that is complete, accurate and tamper-proof
Use-once-then-discard equipment (bags, tubing)

Uninterrupted flow production instead of batches

6.4 Detailed Explanation (From Absolute Zero)

6.4.1 Modular manufacturing — the concept

Technical concept: Modular manufacturing constructs pharmaceutical facilities from prefabricated,
factory-built modules (cleanroom pods, process skids, utility units) that are assembled and connected on
site, as an alternative to traditional stick-built construction.

Simple explanation: Think of the difference between building a house brick by brick on your plot (slow,
weather-dependent, messy) versus ordering ready-made rooms from a factory and joining them together
on your plot (fast, precise, clean). Modular pharma facilities work the second way: cleanroom pods, with
walls, flooring, lighting, HVAC ducts and even equipment already fitted, are built in a controlled factory,
trucked to the site, and bolted together like building blocks.

Traditional stick-built vs modular — comparison:

MODULAR:

STICK-BUILT (traditional):
Empty plot - foundations - walls - roofing - install HVAC,
ducts, cleanroom panels, equipment — ALL on site, in the open
Time: long. Dust and weather affect quality. Changes are costly.

Factory A builds cleanroom pods (walls + HVAC + lights fitted)
Factory B builds process skids (tanks + pipes on a frame)

1 both built indoors, in parallel, under quality control
Pods trucked to site - craned into place - connected together
Time: much shorter. Site work is mostly assembly.

Advantages:

1 Speed: Modules are built in parallel with site preparation (foundations), so the total project time
shrinks dramatically. A facility that took years can be ready in months.
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Flexibility: Need to make a different product later? Swap or reconfigure modules instead of
demolishing walls.

Cost: Shorter construction time means lower labour and financing costs; factory production means
less waste and rework. (Exact savings vary by project — treat any published figure as project-specific.)

Scalability: Demand doubled? Add another module next to the existing ones — like adding another
coach to a train — instead of building a new factory.

Quality: Modules are built indoors under controlled conditions with factory precision, giving better
finish and fewer defects than open-site construction.

Conceptual examples:

Modular cleanroom pods: A complete Grade B/C filling room built as one shippable unit — walls,
ceiling HEPA housings, lights, doors and service panels pre-installed; on site it is simply connected to
the main HVAC and utilities.

Modular pharma suites: A set of connected pods forming a complete suite — change room pod +
preparation pod + filling pod + packing pod — that together make a mini-factory.

Single-use modular systems: A modular suite designed around single-use bags and tubing instead of
fixed steel tanks and pipes. Because there is almost no cleaning (use and discard), the facility needs
less CIP/SIP infrastructure, making the modules simpler, cheaper and faster to change over between
products.

Key takeaway: Modular = factory-built building blocks assembled on site. Faster, flexible, scalable
and precise — ideal when capacity must grow quickly or products change often.

6.4.2 Advances in cleanroom technology

A. Pass-through chambers / dynamic pass boxes

Technical concept: Pass-through chambers are transfer devices that let materials move between zones of
different cleanliness without personnel movement between the zones.

Simple explanation: Every time a person walks into a cleanroom carrying a box, they drag in particles. A
pass box removes that problem: it is a small cupboard built INTO the wall between the corridor and the
cleanroom, with a door on each side. You put the item in from the corridor side, close the door, and
someone inside the cleanroom opens the other door and takes it out. The person never crosses the wall.

How a dynamic pass box works (step by step):

1

2

Operator on the less-clean side opens the outer door (the inner door is interlocked shut).
The item is placed inside; the outer door is closed.

Filtered air flows through the chamber (dynamic = active airflow), sweeping particles off the item's
surfaces; UV light may add surface disinfection in some designs.

After a set time, the inner door unlocks.
The cleanroom operator opens the inner door and removes the item.

The two doors can never be open at the same time — so dirty air never gets a straight path through.
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Key takeaway: Pass boxes move MATERIALS without moving PEOPLE — fewer entries, less
contamination, better discipline.

B. Isolators

Technical concept: An isolator is a sealed enclosure that provides a physical barrier between the
operator/room environment and the sterile operation performed inside it.

Simple explanation: Remember the Grade A filling zone — the most critical area, where even a gowned
operator sheds some particles. An isolator says: "Why let the operator anywhere near the product at all?"
It is a sealed glass-and-steel box around the filling machine. The operator works through built-in gloves
(or the machine runs robotically), and the inside of the box is kept sterile with its own filtered air. The
product never meets the room air OR the operator directly.

How isolators protect product and operator:

+ Product protection: The filling happens inside a sealed, sterile, HEPA-filtered micro-environment.
Room contamination cannot reach it — far fewer particles than even a Grade A cleanroom zone.

+ Operator protection: For potent or toxic drugs (e.g., chemotherapy/cytotoxic drugs), the sealed
barrier also protects the OPERATOR from the drug — containment works both ways. Harmful dust or
vapours stay inside the box.

Types — conceptually:

Closed isolator Fully sealed; operates under controlled Highest sterility assurance; aseptic filling
(often positive) pressure; materials enter
via sealed transfer systems

Open isolator Not fully sealed; relies on outward airflow Where full sealing is impractical but
to protect the work zone airflow protection helps

(Isolators are decontaminated between uses, typically with vaporized sterilizing agents — the exact agents
and cycles are validated per system; follow the manufacturer's validated procedure.)

Key takeaway: An isolator is a "room within a room" — a sealed sterile workspace that separates
product from people completely, protecting the product from contamination and (for potent drugs)
the operator from the product.

C. Modular cleanrooms

Technical concept: Modular cleanrooms apply the modular construction idea specifically to classified
areas — prefabricated wall, ceiling and floor systems assembled into qualified cleanrooms.

Simple explanation: Instead of building cleanroom walls brick by brick and then struggling to make them
smooth and sealed, manufacturers buy ready-made cleanroom panel systems — smooth, sealed,
pre-finished walls, ceilings with HEPA housings, coved (curved) floor-to-wall joints — and assemble them
like a jigsaw. The result is a cleanroom that is faster to build, easier to expand, and can even be dismantled
and relocated.

Benefits:
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1 Speed of installation — panels arrive ready; assembly takes days/weeks, not months.

2 Built-in cleanability — smooth, flush surfaces with no cracks, designed for cleanrooms from the start.
3 Reconfigurability — walls can be moved to resize rooms when processes change.
4 Relocatability — a modular cleanroom can be dismantled and rebuilt at another site.

5 Consistent quality — factory-made panels have uniform finish, unlike site-plastered walls.

Key takeaway: Modular cleanrooms = cleanrooms assembled from precision-made panels — fast,
clean, movable and reconfigurable.

6.4.3 Automation and robotics in pharmaceutical manufacturing

Technical concept: Automation uses control systems, sensors and machines to run manufacturing
operations with minimal human intervention; robotics adds programmable mechanical systems for
physical tasks.

Simple explanation: In Chapter 5 we learned that PEOPLE are the biggest contamination source.
Automation attacks this problem directly: the fewer human hands in the process, the fewer particles, the
fewer errors, and the more consistent the product. A robot does not shed skin, does not get tired on night
shift, and does exactly the same movement every single time.

What automation means here — the layers:

1 SCADA — the process dashboard: Sensors on tanks, filters and filling machines send data
(temperature, pressure, flow, fill volume) to computers. Operators watch the whole process on screens
in a control room, receive alarms when something drifts, and can adjust or stop the process remotely.
Every action is logged automatically.

2 BMS — the building guardian: While SCADA watches the PRODUCT process, BMS watches the
BUILDING — room temperatures, humidity, pressure differentials, AHU status, alarms. If a
cleanroom's pressure drops at 2 a.m., the BMS raises the alarm even with nobody inside.

3 Automated material handling: Conveyors, automated guided vehicles (small driverless carts) and
robotic transfer systems move materials, vials and trays between stations — no human carrying, no
dropped trays, no extra entries into clean zones.

4 Robotic arms for filling and packaging: Programmable arms pick empty vials, place them under
filling needles, move filled vials to stoppering and capping stations, and pack finished vials into cartons
— all inside isolators or restricted-access zones, with speed and precision no human can match.

Automated filling line — flow concept:
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Empty sterile vials infeed (robotic pick)

Fillin; needles dose the drug (SCADA controls volume)

Stoppe;ing (robotic placement)

Cappin;/sealing

Inspec;ion (automated cameras check fill level, particles)
Labelling and cartoning (robotic packing)

SCADA logs every step; BMS guards the room environment throughout.

u

Benefits:
1 Consistency: Every vial filled identically; no shift-to-shift variation.

2 Reduced human intervention: Fewer people in cleanrooms = less contamination = better sterility
assurance.

3 Data integrity: Machines record data automatically — no handwritten logbooks, no transcription
errors, no backdating. Regulators trust automatic records more.

4 Safety: Robots handle potent/toxic compounds inside isolators; humans stay outside.

5 Efficiency: Lines run faster and longer with fewer stoppages.

Challenges:

1 Cost: Automated lines and robots need large upfront investment — a real barrier for small
manufacturers.

2 Validation needs: Every automated function must be validated — the software, the sensors, the
robotic movements, the alarms. Validation of computer systems is a specialized, time-consuming job.

3 Skill requirements: The plant needs engineers who understand both pharma GMP and automation —
a rarer combination than traditional operators.

4 Change rigidity: Reprogramming and revalidating a robot for a new product takes time; automation
favours stable, high-volume products.

Future outlook: Facilities are moving toward fully integrated "smart" plants — modular buildings +
isolators + robotics + SCADA/BMS + continuous manufacturing + digital twins for simulation. The direction
is clear: smaller human footprint in critical zones, larger data footprint everywhere, and facilities that can
be reconfigured (not rebuilt) when products change.

To see how the pieces fit together, imagine the sterile plant of the near future: the building itself arrives as
modules (Chapter 6.4.1) and is assembled in months. Inside, the filling line sits within closed isolators
(6.4.2B) — no operator ever breathes near an open vial. Robotic arms (6.4.3) do the filling, stoppering and
packing while SCADA watches every fill volume and BMS guards every room pressure. Materials glide in
through dynamic pass boxes on automated carts; nobody carries anything by hand. The product flows
continuously rather than in separate batches, and a digital twin — a live computer mirror of the plant —
predicts problems before they happen ("if we raise the line speed by 10%, will the isolator pressure
hold?"). When a new product is needed, single-use product-contact parts are swapped, the robot is
reprogrammed and revalidated, and production restarts — without rebuilding walls.
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For students, this means the pharmacist of the future works WITH automation — understanding data,
trends, alarms and systems — rather than doing manual operations. The core duty never changes (safe,
sterile, effective medicine), but the tools change completely: tomorrow's production pharmacist reads

trend graphs and audit trails the way today's reads logbooks.

integrated system.

Key takeaway: Automation (SCADA for process, BMS for building, robots for physical tasks) removes
people — the main contamination source — from critical operations,
and data integrity, at the price of higher investment and heavier validation. The future plant

combines modular construction, isolators, robotics, continuous flow and digital simulation into one

improving consistency, safety

6.5 Classifications (With Tables)

6.5.1 Classification of facility construction approaches

Where built Entirely on site

Speed Slower (sequential work)
Flexibility Hard to change later
Scalability New construction needed

Quality control Weather- and labour-dependent

Best fit Large, stable, one-time designs

6.5.2 Classification of modular units (conceptual)

Modules in factory, assembled on site
Faster (parallel factory + site work)
Modules can be swapped/reconfigured
Add modules

Factory-controlled conditions

Fast-growing, changing product
portfolios

Cleanroom pod Walls, ceiling, HEPA housings, lights,

doors

Process skid Tanks, pumps, pipes mounted on a steel

frame

Utility module HVAC plant, WFI generation, electrical

panels

Single-use suite Pods designed around disposable

bags/tubing

6.5.3 Classification of isolators

Ready-made filling room

Formulation/mixing unit

Site services block

Multi-product, fast changeover facility

Closed isolator Fully sealed, controlled pressure

Open isolator Airflow-based protection, not fully sealed

Containment isolator Sealed, often under negative pressure

6.5.4 Classification of automation layers

Pills & Python - Pharmacy * Data ¢ Al « Healthcare - Instagram @pillsandpython - pillsandpython.com -
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Operations needing partial protection

Potent/toxic drugs — protects the
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SCADA The manufacturing process Fill-volume control, alarms, batch records

BMS The building and environment Room pressure, temperature, AHU
alarms

Robotics / material handling Physical movement Vial picking, conveying, cartoning

Data systems Records and integrity Automatic logging, audit trails

6.5.5 Classification of benefits vs challenges of automation

Consistency (identical every time) High upfront cost

Less human contamination Extensive validation of systems/software
Better data integrity (automatic records) Need for specialized skilled staff
Operator safety with potent drugs Revalidation effort when products change
Higher speed and efficiency Favours stable, high-volume products

6.6 Mechanisms / Process Flows (Step-by-Step)

6.6.1 How a modular facility is built — step by step

1 Design: The whole facility is designed as a set of modules with defined connection points (HVAC,
power, water, data).

2 Parallel build: While site foundations and utilities are prepared, factories simultaneously build the
cleanroom pods, process skids and utility modules indoors under quality control.

3 Transport: Finished modules are shipped to the site (sized to fit road/transport limits).
4 Placement: Cranes set each module onto prepared foundations in the planned layout.

5 Connection: Modules are bolted together; HVAC ducts, piping, electrical and data connections are
joined at the pre-designed interfaces.

6 Qualification: The assembled facility goes through DQ/IQ/OQ/PQ (as in Chapter 5) — module factory
tests plus site-level qualification.

7 Operation: Production begins; later, new modules can be added alongside for expansion.

6.6.2 How a dynamic pass box works — step by step

1 Outer door opens (inner door locked); item placed inside.

2 Outer door closes and locks.

3 Filtered airflow starts through the chamber, sweeping particles off the item.
4 After the set cycle time, the inner door unlocks.

5 Cleanroom-side operator opens the inner door and removes the item.

6 Doors are interlocked — both can never be open together.
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6.6.3 How an isolator-based filling operation works — step by step

1 The isolator interior and the filling machine inside it are decontaminated (validated cycle) and
confirmed sterile.

2 Sterilized components (vials, stoppers) enter through sealed transfer systems — never through open
doors.

3 Filtered air maintains the sterile environment inside; pressure is controlled.

4 The operator, standing OUTSIDE, works through glove ports (or supervises robotic operation).
5 Filling, stoppering and sealing happen inside the sealed barrier.

6 Finished sealed vials exit through a sealed transfer to the outside.

7 Between batches/products, the isolator is decontaminated again.

6.6.4 How SCADA + BMS guard a batch — step by step

1 Sensors continuously measure process values (SCADA) and room conditions (BMS).

2 Data flows to control-room screens; trends are displayed live.
3 If a value drifts toward its limit, an early warning appears.
4 If alimitis crossed, an alarm sounds and the system may stop the step automatically.

5 Every reading, alarm and operator action is logged automatically with date and time.

6 At batch end, the electronic batch record is complete — no manual transcription.

6.7 Text Diagrams / Flowcharts

6.7.1 Modular vs stick-built timeline

STICK-BUILT:
Site prep - build structure - install services - install equipment
(each step waits for the previous one — long chain)

MODULAR:
Site prep foundations ready

= Factory builds pods ==

|=— Factory builds skids = —- transport - assemble - connect
L= (all in parallel) =

(factory work and site work happen TOGETHER — short chain)

6.7.2 Isolator — the barrier concept
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CLEANROOM (people, some
particles)

ISOLATOR (sealed)
sterile filtered air

FILLING MACHINE
open vials here

operator works via
glove ports / robots

|
Product meets NEITHER room air NOR the operator directly.

6.7.3 Automation layers

OPERATOR (control
room screens)

v v v
SCADA BMS ROBOTS /
process building conveyors
control control movement
| | |
I | |
T
v

AUTOMATIC DATA
LOGGING (batch
record)

6.7.4 Expansion by modules

Phase 1: [Filling pod] [Packing pod]

Phase 2: [Filling pod] [Packing pod] + [New filling pod]

Phase 3: [Filling pod] [Packing pod] + [New filling pod] + [New utility pod]
Capacity grows by ADDING boxes — the old boxes keep running.

6.8 Infographic Concepts

1

"Lego Factory": A facility shown as colourful interlocking blocks (pods) being craned into place, with
labels: cleanroom pod, process skid, utility module — captioned "Built in a factory, assembled on site."

"The Barrier Ladder": Three levels of product protection drawn as concentric shields — cleanroom
(outer shield), isolator (middle shield), closed robotic isolator (inner shield) — showing how each step
removes humans further from the product.

"Pass Box in Action": A wall cross-section with a glowing chamber in the middle, airflow arrows
sweeping over a box, one door open at a time — captioned "Materials move, people don't."
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4 "Two Dashboards": Split screen — left side SCADA (tank levels, fill volumes, batch trends), right side
BMS (room pressures, temperatures, AHU status) — captioned "One watches the product, one watches

the building."

5 "Robot Arm at Work": A robotic arm placing vials under filling needles inside a glass isolator, with a
human operator watching from outside — captioned "No skin, no shedding, no variation."

6 "Smart Plant of the Future": A modular facility with data streams flowing to a cloud icon, a
digital-twin screen showing a virtual copy of the plant — captioned "The facility that simulates itself

before it acts.”

6.9 Summary Tables

6.9.1 Chapter 6 at a glance

Modular manufacturing
Stick-built

Advantages

Modular cleanroom pods
Single-use modular systems
Pass box / dynamic pass box
Isolator

Closed vs open isolator
SCADA

BMS

Robotics

Automation benefits
Automation challenges

Future

Ready-made factory-built sections assembled on site
Traditional piece-by-piece site construction

Speed, flexibility, cost, scalability, factory quality
Complete cleanrooms as shippable units

Disposable equipment = simpler modules, fast changeover
Wall chamber moving materials without moving people
Sealed sterile workspace; product separated from people
Fully sealed vs airflow-protected

Computer dashboard supervising the process

Computer system guarding the building environment
Programmable arms doing precise physical tasks
Consistency, less contamination, data integrity, safety
Cost, validation burden, skill needs

Smart modular plants, continuous manufacturing, digital twins

6.10 Worked Examples and Calculations

All numbers below are illustrative examples invented only to show HOW a comparison or
calculation is done. They are NOT industry statistics. Real project figures vary widely — treat any
published figure as project-specific.

Worked Example 1 — Modular capacity scaling (illustrative)

Question: A modular facility has 4 filling pods, each producing 1,000 vials per hour (illustrative capacity).
Demand rises by 50%. How many pods are needed, and what is the new output?

Step-by-step:

1 Current output =4 pods x 1,000 vials/hour = 4,000 vials/hour.
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2 Required increase = 50% of 4,000 = 2,000 vials/hour extra.
3 Extra pods needed = 2,000 + 1,000 = 2 pods.

4 New total = 6 pods x 1,000 = 6,000 vials/hour.

Interpretation: Scaling is simple arithmetic with modules — add pods, add capacity. With stick-built
construction, the same expansion would mean a new construction project. (Capacities here are illustrative
only.)

Worked Example 2 — Timeline comparison (illustrative)

Question: A stick-built suite takes 24 months (illustrative). A modular approach builds modules in the
factory (10 months, illustrative) in parallel with site preparation (8 months, illustrative), then needs 4
months for assembly and connection. How much time is saved?

Step-by-step:
1 Stick-built total = 24 months (all sequential).

2 Modular: factory build and site prep run in PARALLEL, so that phase takes the longer of the two =10
months.

3 Add assembly and connection = 10 + 4 = 14 months total.

4 Time saved =24 — 14 = 10 months (about 40% faster, illustratively).

Interpretation: The saving comes from PARALLEL work — the factory does not wait for the site. (All
durations are illustrative; real projects differ.)

Worked Example 3 — Human-intervention comparison (illustrative)

Question: A manual filling line needs 6 operators inside the Grade B area per shift (illustrative). An
isolator-based robotic line needs 1 supervising operator outside the isolator. How many fewer people
enter the critical zone per day over 3 shifts?

Step-by-step:
1 Manual: 6 operators x 3 shifts = 18 person-entries per day into the critical zone.

2 Robotic isolator: 1 supervisor x 3 shifts = 3 person-entries (and the supervisor stays OUTSIDE the
isolator).

3 Reduction =18 — 3 =15 fewer person-entries per day.

Interpretation: Fewer people in critical zones = dramatically lower contamination risk — the core sterility
argument for robotics. (Staffing numbers are illustrative.)

Worked Example 4 — Changeover: fixed steel vs single-use modular (illustrative)

Question: Changing a fixed stainless-steel filling line from Product A to Product B needs: full CIP (6 hours)
+ SIP (4 hours) + line clearance and checks (2 hours) = 12 hours downtime (all illustrative). A single-use
modular line needs: discard disposables and fit new ones (2 hours) + line clearance and checks (2 hours) =
4 hours. How much production time is saved per changeover, and what does it mean over 10
changeovers?

Step-by-step:
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1 Fixed steel downtime per changeover =6 +4 + 2 =12 hours.
2 Single-use downtime per changeover =2 + 2 = 4 hours.
3 Time saved per changeover = 12 — 4 = 8 hours.

4 Over 10 changeovers: 8 x 10 = 80 hours of extra production time recovered — more than three full
days of running.

Interpretation: This is why single-use modular systems suit multi-product facilities: the CIP/SIP burden
disappears, so switching products is fast. The trade-off (covered in 6.16) is the recurring cost of
disposables and their own validation. (All durations are illustrative.)

6.11 Analogies

1 Modular facility = Lego set. Traditional construction is like sculpting from clay — slow and hard to
change. Modular is like Lego bricks — pre-made pieces that click together fast, and you can rebuild
them differently later.

2 Isolator = a baby incubator. A premature baby lies in a sealed, warm, filtered incubator; nurses work
through hand ports without exposing the baby to the room. An isolator does the same for a sterile
product.

3 Pass box =a bank's cash drawer. At a bank counter, cash passes through a small sliding drawer —
the customer never enters the vault. A pass box passes materials through the wall — people never
enter the clean zone.

4 SCADA = the cockpit dashboard. A pilot watches dozens of dials showing speed, altitude and fuel,
and gets warnings before trouble. SCADA shows the process the same way — temperatures,
pressures, fill volumes — with alarms before failure.

5 BMS = a building's security guard. The guard watches cameras for the whole building — doors,
lights, alarms — while the factory manager watches production. BMS guards the building; SCADA
guards the process.

6 Robot arm = a tireless pharmacist's hand. It never trembles, never gets tired at 3 a.m., and places
the ten-thousandth vial exactly where it placed the first.

7 Single-use systems = disposable plates at a big feast. Washing a thousand steel plates takes hours;
disposable plates are used and discarded. Single-use bags/tubing remove the whole CIP/SIP washing
burden between products.

8 Digital twin = a flight simulator for the factory. Pilots train and test emergencies in a simulator, not
in a real plane. Engineers test changes on the digital twin, not on the running plant.

6.12 Pharmacy Relevance

« Sterility assurance leap: Isolators and robotics directly serve the pharmacist's core duty — delivering
a sterile product. Understanding them is understanding the modern answer to "how do we guarantee
sterility?"

+ New pharmacist roles: Automation creates roles like automation validation pharmacist, data-integrity
reviewer and computerized-systems QA. The pharmacist who understands SCADA/BMS data is more
valuable than one who only knows manual operations.
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Batch release in automated plants: Pharmacists review electronic batch records, audit trails and
alarm histories instead of paper logbooks. Knowing what SCADA/BMS data MEANS is now a
release-decision skill.

Potent products: For oncology (anti-cancer) injectables, isolators protect the compounder from the
drug — a direct occupational-safety application every hospital pharmacist should understand.

Regulatory focus: Inspectors increasingly ask about computerized-system validation and data
integrity. A pharmacist who can explain "how we know our automated data is trustworthy" is
inspection-ready.

6.13 India Context

Vaccine-scale manufacturing: India's large vaccine producers (notably around Hyderabad and Pune)
operate some of the world's highest-volume sterile facilities. Modular expansion and automation are
how such capacities are added quickly during demand surges (as seen during the COVID-19 vaccine
scale-up).

Pharma hubs adopting modular builds: New sterile and biotech facilities in Indian pharma clusters
increasingly use prefabricated cleanroom systems and modular utility skids to shorten project
timelines.

MSME opportunity: For small and mid-size Indian manufacturers, modular cleanroom pods lower the
entry barrier — a compliant sterile suite can be installed without a greenfield mega-project.

Skill India angle: Automation raises demand for pharmacists trained in validation, data integrity and
computerized systems — a career differentiator for B.Pharm graduates beyond traditional production
roles.

Regulatory alignment: Indian facilities exporting globally must meet FDA/EMA computerized-system
and data-integrity expectations, so these "advances" are becoming baseline requirements, not
luxuries.

6.14 Key Points

1

Modular manufacturing = prefabricated factory-built modules assembled on site; alternative to
stick-built construction.

Advantages: speed (parallel work), flexibility, cost efficiency, easy scalability, factory-controlled quality.
Modular cleanroom pods, pharma suites and single-use modular systems are the practical forms.

Dynamic pass boxes transfer materials between zones with filtered airflow and interlocked doors —
people stay out.

Isolators are sealed enclosures where sterile work happens via gloves or robotics — maximum
product/operator separation.

Closed isolators are fully sealed; open isolators rely on airflow protection.

SCADA supervises the manufacturing process; BMS guards the building environment — both log data
automatically.

Robotics and automated handling remove people (the main contamination source) from critical zones.
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9

Automation benefits: consistency, lower contamination, data integrity, safety; challenges: cost,
validation burden, skill needs.

10 Future: smart modular plants combining isolators, robotics, continuous manufacturing and digital

twins — pharmacists will manage data and systems, not manual operations.

6.15 Common Confusions

1

Modular vs mobile: Modular means factory-built sections assembled on site — it is still a permanent
facility. It does not mean a truck-mounted "mobile lab" (though some modules are relocatable).

SCADA vs BMS: SCADA watches the PRODUCT process (fill volumes, batch data); BMS watches the
BUILDING (room pressure, temperature, HVAC). Different jobs, often confused because both have
screens and alarms.

Isolator vs cleanroom: A cleanroom is a ROOM people work inside; an isolator is a SEALED BOX
people work OUTSIDE of (via gloves/robots). An isolator gives far stronger separation.

Open vs closed isolator: "Open" does not mean "no protection" — it means protection by airflow
rather than full sealing. "Closed" means fully sealed.

Automation vs robotics: Automation is the broad idea (machines + computers running the process);
robotics is one TOOL within automation (mechanical arms doing physical tasks). All robotics is
automation, but not all automation is robotics.

Dynamic vs static pass box: Dynamic has its own filtered airflow; static is just an interlocked chamber.
The word "dynamic" refers to the AIR, not the doors.

Single-use vs disposable product: Single-use refers to the EQUIPMENT (bags, tubing used once) —
not to the medicine, which is still a normal multi-dose or single-dose product.

6.16 Common Mistakes

1

Assuming modular = lower quality: Factory-built modules are typically HIGHER and more consistent
in quality than site-built work — modular is a quality strategy, not a compromise.

Forgetting validation for automation: Buying robots is the easy part; validating the software,
sensors, alarms and data integrity is the long, skilled part. Budget for it from day one.

Treating SCADA data as automatically trustworthy: Automatic logging helps data integrity, but only
if access controls, audit trails and backups are validated. "Computerized" does not automatically mean
"compliant."

Putting an isolator in a dirty room: Isolators still need a suitable background environment and
proper transfer systems. A sealed box with contaminated components going in gives contaminated
product coming out.

Ignoring changeover validation: Swapping modules or reprogramming robots for a new product
needs revalidation — "plug and play" still needs documented proof.

Over-automating the wrong product: Automation pays off for stable, high-volume products; for tiny,
ever-changing batches, the revalidation cost can outweigh the benefit.
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6.17 Mnemonics

+ Modular advantages: "Faster, Flexible, Cheaper, Scalable" — or "FFCS: Factory-Fast,
Change-Simple."

+ SCADA vs BMS: "SCADA = process, BMS = building" — "Supervise the Cooking (SCADA), Manage the
Building (BMS)."

+ Isolator protection: "Two-way wall" — protects the PRODUCT from people, and the PEOPLE from
potent products.

+ Pass box rule: "Materials move, people don't."
+ Automation benefits: "CRD — Consistency, Reduced humans, Data integrity."

* Future plant: "MIRCD" — Modular, Isolators, Robotics, Continuous, Digital twin.

6.18 Exam Summary

Advances in facility design are changing how sterile plants are built and run. Modular manufacturing
replaces slow stick-built construction with prefabricated factory-built modules (cleanroom pods, process
skids, utility modules, single-use suites) assembled on site — giving speed (parallel work), flexibility, cost
efficiency, easy scalability and factory-controlled quality. Cleanroom technology has advanced through
dynamic pass boxes (filtered-airflow wall chambers transferring materials without personnel entry),
isolators (sealed enclosures where sterile work happens via gloves or robotics, protecting product from
people and operators from potent drugs; closed = fully sealed, open = airflow-protected) and modular
cleanrooms (precision panel systems — fast, reconfigurable, relocatable). Automation layers the plant
with intelligence: SCADA supervises the manufacturing process, BMS guards the building environment,
automated handling and robotic arms perform physical tasks inside isolators and restricted zones.
Benefits are consistency, reduced human contamination, trustworthy automatic data (data integrity) and
operator safety; challenges are high upfront cost, heavy validation demands and the need for specialized
skills. The future points to smart modular plants combining isolators, robotics, continuous manufacturing
and digital twins — where pharmacists manage systems and data rather than manual operations.

6.19 One-Minute Revision

* Modular = factory-built pods assembled on site; faster, flexible, scalable; vs slow stick-built.
+ Dynamic pass box = filtered-air wall chamber; materials move, people don't.

+ Isolator = sealed sterile box; work via gloves/robots; closed = sealed, open = airflow.

* Modular cleanrooms = panel-built; fast, movable, reconfigurable.

* SCADA = process dashboard; BMS = building guardian; robots = precise tireless hands.

+ Benefits: consistency, less contamination, data integrity; challenges: cost, validation, skills.

« Future: smart modular plants + continuous manufacturing + digital twins.

6.20 MCQs

Q1. Modular manufacturing means: A. Building the facility brick by brick on site B. Assembling
prefabricated factory-built modules on site C. Manufacturing only one product D. Using only manual
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labour

Q2. "Stick-built" construction refers to: A. Building with wooden sticks B. Traditional piece-by-piece
construction on site C. A type of cleanroom panel D. A robotic assembly method

Q3. Which is NOT an advantage of modular facilities? A. Faster project completion through parallel work B.
Easy scalability by adding modules C. Flexibility to reconfigure D. Guaranteed zero validation requirements

Q4. A dynamic pass box differs from a static pass box because it: A. Has larger doors B. Has its own filtered
airflow through the chamber C. Is always made of steel D. Needs no interlocked doors

Q5. An isolator protects the product by: A. Spraying disinfectant continuously B. Providing a sealed barrier
so product never meets room air or operators directly C. Increasing room temperature D. Removing all
oxygen

Q6. For a potent cytotoxic (anti-cancer) drug, an isolator additionally: A. Speeds up filling tenfold B.
Protects the operator from exposure to the drug C. Eliminates the need for any gowning anywhere D.
Replaces stability testing

Q7. SCADA is best described as: A. A computer system supervising the manufacturing process and
collecting data B. A type of HEPA filter C. A building's air-conditioning unit D. A manual logbook system

Q8. BMS (Building Management System) monitors: A. Raw material prices B. Building services such as
HVAC, room pressure, temperature and alarms C. Employee attendance only D. Finished goods dispatch
trucks

Q9. The main sterility argument for robotics in filling is: A. Robots are cheaper than humans B. Fewer
people in critical zones means less contamination C. Robots need no electricity D. Robots can work without
any qualification

Q10. Data integrity in an automated plant is strengthened because: A. Data is recorded automatically,
reducing transcription errors and tampering B. Paper logbooks are prettier C. Operators memorize all
readings D. Computers never need validation

Q11. A major challenge of automation is: A. Excessive availability of skilled staff B. High upfront cost and
extensive validation needs C. Too little data being generated D. Complete elimination of all GMP rules

Q12. A "digital twin" of a facility is: A. A second identical building B. A computer model/virtual copy used to
simulate and optimize operations C. A backup generator D. A duplicate set of paper records

Answer Key: Q1-B, Q2-B, Q3-D, Q4-B, Q5-B, Q6-B, Q7-A, Q8-B, Q9-B, Q10-A, Q11-B, Q12-B

6.21 Viva / Application Questions

1 Your company must add 50% injectable capacity within a year. Argue for modular construction over
stick-built, using the concepts of parallel work and scalability.

2 Explain to a new trainee how a dynamic pass box works and why both doors must never open
together.

3 Why does an isolator give better sterility assurance than even a well-run Grade A/B cleanroom? What
background conditions does it still need?

4 A manager says "we bought robots, so our data integrity problems are solved." Identify the flaw in this
thinking.
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Distinguish SCADA from BMS with one example each of what they monitor and one alarm each might
raise.

When would you choose single-use modular systems over fixed stainless-steel systems? Give two
reasons.

List two benefits and two challenges of automation, and explain how each affects a batch-release
decision by the pharmacist.

Describe the "smart plant of the future" in your own words: which technologies combine, and what
new skills will pharmacists need?

6.22 References

ISO 14644 cleanroom standards (latest edition — confirm current requirements)
WHO GMP guidelines for sterile pharmaceutical products

FDA guidance for industry on sterile drug products produced by aseptic processing
EU GMP Annex on manufacture of sterile medicinal products (latest revision)

ISPE guidance on facility design and modular construction (general reference — confirm current
edition)
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