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AbstRAct
Process design, the first stage in the US Food and Drug Administration 
lifecycle approach to process validation, lays the foundation for process 
understanding and control. The work of Stage 1 enables subsequent 
Stage 2 and 3 to be successful. Process design involves planning and 
forethought, often by utilizing risk analysis and design-of-experiment 
(DOE). Risk analysis tools and a simple DOE experiment are discussed. 
Furthermore, several examples cases are presented. The efficiency and 
ease with which process development studies can be leveraged to create 
uneventful and meaningful transitions to full scale validation assumes 
acceptable technical characteristics of the associated facility and equip-
ment. Specific areas for consideration are briefly described. While the 
overall process may seem complex, these activities will serve the entire 
process validation continuum from qualification to maintenance.

IntRoductIon
Process design, the first stage in the FDA lifecycle approach to process 
validation, lays the foundation for process understanding and control. 
The work of stage one enables subsequent stages, Stage 2 and Stage 3, 
to be successful. Process design allows for the characterization and un-
derstanding of how the process responds to the various process inputs 
and variables. This effectively addresses one of the significant flaws 
in the previous process validation paradigm—the failure to account 
for inherent variability in process inputs (1). Stage 1 work allows for a 
better understanding of how the process will respond to input varia-
tion before the process is validated. Further, it provides an alternative 
approach to flawed practices such as "edge of failure" validation testing 
(2). Edge of failure testing was a methodology frequently employed by 
validation personnel to qualify the manufacturing process. Processes 
were often transferred to full-scale manufacturing with limited develop-
mental data, often with disastrous results. Validation personnel would 
run the process using reduced process parameter values until the point 
of failure was identified. This approach was generally not conducted as 
methodically as would be done for process development wherein mul-
tiple variables are tested across a range to map and measure the process 
response. Only the variable deemed to be the most critical would be 
tested until the process produced a response that was outside the prod-
uct specifications. Consideration that change in one variable often elicits 
interdependent changes in other variables was not addressed.

Risk Analysis and Design of 
Experiments in Process Validation 
Stage 1 | IVT
 Kevin o’donnell 
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The use of more efficient and methodical approach-
es during Stage 1 process design and across the 
process development continuum is recommended in 
the FDA Process Validation Guidance. Tools that have 
been routinely used in other sectors of industry are 
recommended. The following paper describes impor-
tant considerations and a general approach to process 
development as well as some of these methodologies 
and tools. Examples to illustrate their benefits and 
utility are also provided.

stRAtegy And APPRoAch
The first step in the lifecycle approach to process 
validation involves planning and forethought, and 
nothing ultimately provides greater benefit. Process 
design should be conducted in a structured manner 
through the use of various risk assessment tech-
niques. Risk analysis identifies failure modes that can 
guide the execution of process development activities. 
In addition, it is important to ensure that the meth-
ods and equipment used are sensitive enough and in 
the proper range to properly assess the process re-
sponse by conducting a measurement system analysis 
(MSA). Further, once the variables that can potential-
ly impact a process have been identified, full factorial 
and fractional factorial designed experiments (DOE) 
can be used to efficiently screen variables to deter-
mine which have the greatest impact as well as which 
exhibit significant interactions with each other. 
When variables and their interactions have been 
characterized, a process development report should 
be prepared to properly document information for 
Stage 2, process qualification and Stage 3, continued 
process verification.

RIsK AnAlysIs And doe
Validating any process requires aligning many safety, 
product quality, and financial details into one focused 
effort. At first glance, this is a monumental task sure-
ly to overwhelm and confuse even the most highly 
talented individuals. Success rather than chaos may 
be accomplished by taking a series of precise and fo-
cused steps. To begin, the various aspects of the proj-
ect must be compartmentalized from a "10,000-foot 
perspective." Risk assessment is often used for this ef-
fort. Once tasks can be separated into high, medium, 
and low-risk buckets, studies can be designed using a 
DOE approach to challenge and mitigate the high and 
medium-risk aspects of the project..  

RIsK AnAlysIs
Risk analysis can utilize one tool to determine the pa-
rameters of the process that must be considered and 
then apply another tool to access the low, medium, 

and high-risk buckets. There are many models avail-
able for risk analysis, including failure mode effects 
analysis (FMEA), failure mode, effects, and criticality 
analysis (FMECA), fault tree analysis (FTA), haz-
ard and operability analysis (HAZOP), preliminary 
hazard analysis (PHA), hazard analysis and critical 
control points (HACCP), and fishbone analysis (5, 6). 
Note that these models are not “one size fits all” and 
should be modified or combined depending on the 
application.

RIsK AnAlysIs Methods
When considering the type of risk analysis to per-
form, it is important to understand the values and 
shortcomings of each option. For example, FTA and 
fishbone analysis are similar models that have an ob-
jective to deduce cause-and-effect relationships. Both 
models can be utilized to stimulate critical thinking 
and identify many hazards and potential failures of a 
process. However, these techniques do not systemati-
cally sort or rank the risks. Other risk assessment 
models are often used to analyze the results of FTA 
and fishbone analyses.

FMEA and FMECA are similar in methodology, 
with the difference being that FMECA adds addi-
tional rankings to the risks. These analyses include 
four variations including systems FMEA (SFMEA), 
design FMEA (DFMEA), process FMEA (PFMEA), 
and equipment FMEA (EFMEA). FMEAs are valu-
able because the output is a weighted risk score of 
a particular failure event. The design of the tool 
dictates the scale of the score failure event and what 
score is considered low, medium, or high-risk. Ac-
tions or monitoring is typically required of medium 
and high-risk events until the risk is mitigated 
and scored at a low-risk level. The shortcomings 
of FMEA are that the weighted scales are qualita-
tive and are subject to the bias of the creator. It is 
critical to involve a fairly large and diverse team to 
build the structure of the tool as well as participate 
during the assessment of the risk. Small teams from 
one department of the organization can significantly 
bias the final weighted risk scores. In addition, note 
that this tool is not constructed with the capabilities 
to define acceptance criteria or critical boundaries.

HAZOP is similar to FMEA. However, HAZOP is 
tailored more towards system failures, and a weight-
ed risk score is not assigned to the failure event. 
Instead, guide-words are defined to help identify 
failure events. If a failure event can be categorized 
as a significant deviation, action must be taken to 
mitigate the risk. PHA is similar to HAZOP since 
it does not assign a weighted risk score but assigns 
an overall risk ranking (typically 1–4). The lack of a 
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weighted score system adds additional variation to 
the risk analysis and likely increases the bias poten-
tial of the assessment team. Similar to FMEA and 
potentially more-so, a large group of subject matter 
experts (SMEs) are required to identify effective and 
meaningful failure event mitigation. 

HAACP is tailored towards safety hazards; includ-
ing biological, chemical, physical agents; or opera-
tions that may cause harm if not controlled. HAACP 
evaluates entire processes from material reception 
to final product shipping and is typically not used 
for specific activities (7). The entire analysis is 
based upon answering a risk question. For example, 
the risk question may be, “What Critical Control 
Parameters (CCPs) are required to reproducibly 
manufacture the product?” A multi-disciplinary 
team of SMEs will first develop a process flow dia-
gram of the entire process and use this diagram to 
identify all possible hazards. Each hazard will then 
be subject to a thorough hazard analysis that identi-
fies various components of the hazard, including 
sources, severity, probability, and control measures 
currently in place. With this information, the team 
can begin to identify where critical control param-
eters are required.

Risk assessments as described above primarily pro-
duce three results: a list of potential hazards, a risk 
ranking of the various hazards, and identification of 
where process parameters need to be controlled to 
encourage a robust process. However, one obvious 
shortcoming is that none of these analyses define a 
clear and scientific way to arrive at values for CCPs. 
DOE is then used to identify further action

doe
DOE, explained in detail in earlier paper in this 
journal and the Journal of Validation Technology, 
may be approached in a systematic manner by pars-
ing it into a phased approach in which the response 
of the process to various factors is screened, mapped 
across a response surface (design space exploration), 
and finally modeled and validated (3). DOE may be 
used in this manner to assess the impact of three or 
more variables on selected attributes of the system 
being studied as well as any significant interactions 
between variables. Most notably, this methodology 
enables performance of far fewer experiments than 
would be required if each variable was tested inde-
pendently. DOE also utilizes statistical data treat-
ment, which allows clear statements regarding the 
significance of a variable. The following two examples 
illustrate the application of both risk assessment and 
DOE methodologies.

Risk Assessment Example
In this example, a manufacturer has stockpiled and 
frozen sufficient product for the next year and has 
planned a shutdown to make equipment and facil-
ity upgrades. There have been many suggestions 
from Process Development, Manufacturing, and 
Facilities staff, but since production must resume in 
six months, the various proposed projects must be 
prioritized in some manner. An FMEA approach was 
chosen to review the proposed projects and modifica-
tions for their relative benefits.

First, the suggestions were organized into five 
categories without making judgment on any of their 
qualities, costs, or the urgency of the need, as these 
may change through the FMEA process. This is rep-
resented graphically in the Figure.  

Typically, a team of SMEs will convene to assess 
the suggestions as well as determine their categories. 
The various attributes of the suggestions are listed to 
the best of the shutdown team’s ability. This particu-
lar example has been somewhat simplified for pre-

sentation. In this case, the individual attributes were 
then considered using “what-if” scenarios considering 
that the facility that runs a clean-in-place (CIP) cycle 
40 times per year. Failure modes could then be deter-
mined using this approach as well as historical data 
from a comparable system.

While the ways a process can fail are unique to 
the system, the impact rankings are fairly straightfor-
ward. For this evaluation, safety was given the high-
est rank and time loss on equipment the next highest. 
Categories such as human-machine interface (HMI) 
failure in which operators can simply use a different 
HMI or have a standby team re-start from the server 

Figure : Categorized Suggestions.
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received a lower ranking. The time loss on equipment 
was estimated based on the product of suite time 
cost per day and the fraction of day for which it was 
unavailable. Frequency was calculated using histori-
cal online data collection from a similar system. The 
likelihood of failure detection was ranked where a 
value of “1” represents the highest chance of detection 
and a value of “10” represents no chance of detection. 
Typical questions the group posed for this evaluation 
were, “Are the correct alarms in place, and do they 
stop the system?” and “Are there instrumentation 
control loops, and are the sensors located in the cor-
rect parts of the system?”

The rankings are then compared to the budget 
allocations, resource requirements, and timeline to 
determine a feasible action limit for the risk priority 
number (RPN). The RPN is calculated as the product 
of severity, frequency, and likelihood of detection. 
The results of this evaluation are shown in Table I.:

Setting the RPN threshold at 50, the manufac-
turer identified a handful of projects. Notably, the 
engineering and validation groups were then tasked 
with sourcing a new pump with improved chemical 
resistance to the bulk chemical used at the facility. 
Specifically, the value of this process can be seen as 
the specifications for the original pump indicate that 
it is fit-for-purpose. However, data from the mainte-
nance logbooks indicated several emergency repairs 
for failed diaphragms. In developing new specifica-
tions for the pump, a DOE was utilized to both iden-
tify whether the root cause of the pump failure was 
a poor choice of diaphragm elastomer or due to the 
bulk chemical itself. By conducting a single experi-
ment, the team was able to identify which chemistries 
were more likely to be compatible with the available 
pump diaphragm materials.

Step How It Can 
Fail

Impact 
of 

Failure

Severity 
Rank

Potential 
Cause

Freq. Existing 
Controls

Detection 
of  

Failure 

Severity x 
frequency x 

detection

Action

Operator 
Set-Up

Pipe 
Misalignment

Leak 10 Thermal 
Expansion

1 Facility PM 
Schedule

1 10 None

Wrong 
Spool Piece

Low Flow 
Alarm

3 Improper 
Installation

5 Training 3 45 None

Filters Left 
in Housings

Low, low flow 
alarm (stops 
CIP)

8 Operator 
Does Not 
Follow 
SOP

8 Training 1 64 Add 
Checklist to 
SOP

Automation 
Recipe Start

Operator 
selects wrong 
recipe

Leak, 
failure 
of other 
processes

10 Operator 
error

10 Training 
verification 
by 
supervisor

3 300 Change 
recipe 
names

Recipe 
annotation 
unclear

SCADA 
failure

SCADA  
re-start

1 Touch 
screen 
failure

4 NEMA 
cabinet 
for HMI

1 4 None

CIP 
Dilution 
Batching

Pump failure Leak, 
batch 
failure

10 Pump 
wear, 
electrical 
failure

2 Facility 
preventative 
maintenance 
schedule

4 60 Source 
new 
pump

Chemical 
quality 
failure

Residue, poor 
cleaning

7 Supplier 
change

3 Preferred 
supplier 
system

2 42 None

Mixing 
failure

Conductivity 
limit failure

5 Design 
failure

7 None 1 35 None

Water 
supply 
failure

CIP failure
5 Utility 

supply 
inadequate

30 Alarm 
will stop 
CIP

1 150 Analyze 
water 
production 
system

Table I: FMEA of Identified Categories and Projects.
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doe exAMPle
Consider a cell culture process in which variables 
affecting cell density are investigated. Temperature, 
dissolved oxygen, and agitation speed are variables 
being studied. All other variables remain constant. 
The process is currently set for the following nominal 
values:

Temperature: 35.0oC
Dissolved Oxygen: 20%
Agitation Speed: 30 RPM

Variables are adjusted by ±5%, which provides the 
following set of eight experiments summarized in 
Table II.

Once these experiments are conducted, the results 
can be input into appropriate analysis of variance 
(ANOVA) software such as Excel, JMP, or Minitab. 
The software will output a coefficient for each vari-

able for construction of an equation that models the 
behavior of cell density. In addition, any combina-
tion of the variables can be combined to evaluate 
interaction affects. All variables and combinations of 
variables can be subjected to a t test to evaluate the 
statistical significant of the variable.

Example #1: Cell Culture Manufacturing
Company A wished to upgrade and expand utilities 
in a cell culture scale-up facility to add additional 
incubators. This is a highly sensitive area of produc-
tion that must be properly controlled. Contamination 
problems, with loss of substantial revenue, are conse-
quences of inadequate controls. Company A’s existing 
scale-up facility had two incubators. It was proposed 
that additional equipment (a new room to contain six 
incubators) would alleviate the bottleneck in produc-
tion. To begin the project, the cross-functional team 
had to identify objectives and then focus the broad 
objectives into specific components. This particular 

project began with the task to create the capacity 
for six qualified and reliable incubators. In order 
to achieve this objective; power supply, gas supply 
(CO2), room orientation, and process monitoring all 
had to be analyzed for hazard potential to personnel, 
product systems, and support systems. Once the haz-
ards were identified and ranked, areas requiring the 
creation of critical control parameters were specified.

With the objectives of the project clearly defined, 
it was time to identify the risk team and begin a risk 
analysis. The team consisted of a representative from 
Engineering, Validation, Operations, Quality Control, 
and Microbiology. The tool that was selected was the 
FTA. A few faults, among others, that were consid-
ered were an incubator losing power, an uncaptured 
excursion from specified process parameter, and local 
areas of increased/decreased CO2 or temperature. 
Events that caused these failures are summarized 
below:

Failure 1: Incubator Losing Power
•	Facility power outage
•	Power switch accidentally pressed into the off 

position
•	Moisture affecting the power chord during room 

cleaning.

Failure 2: Uncaptured Excursions from Specified 
Process Parameter

•	Process values not recorded at acceptable 
intervals.

Failure 3: Local Areas of Increased/Decreased 
CO2 or Temperature

•	Elevated CO2 inlet pressure
•	Out-of-tolerance instruments
•	Non-functioning unit control mechanisms.

The events identified in this example are primar-

Table II: Cell Culture Variables.

Temperature Dissolved Oxygen Agitation Speed Cell Density

36.75 15 28.5 X1

33.25 15 28.5 X2

36.75 25 28.5 X3

33.25 25 28.5 X4

36.75 15 31.5 X5

33.25 15 31.5 X6

36.75 25 31.5 X7

33.25 25 31.5 X8
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ily design-based. These events were then ranked as 
high, medium, or low-risk by using a DFMEA model. 
DFMEA was also the specified model in the site stan-
dard operating procedure (SOP). Following the proce-
dure, the team evaluated the failure event across three 
criteria: event severity, frequency, and detectability. 
For each, quantitation between one and three could 
be assigned depending on the perceived risk level. 
These values were then multiplied to identify the 
total risk score. Each risk score fell into a grouping 
to classify the first as high, medium, or low. Within 
a grouping, a higher score was considered a higher 
priority. The risk groupings results were as follows:

High-Risk
•	Process values not recorded at acceptable 

intervals
•	Non-functioning unit control mechanisms.

Medium-Risk 
•	Facility power outage
•	Power switch accidentally pressed into the off 

position
•	Moisture affecting the power chord during room 

cleaning
•	Elevated CO2 inlet pressure
•	Out-of-tolerance instruments.

No low risks were identified. At this point, the 
team was able to consider some existing facility 
infrastructure and identify ways to mitigate the risks. 
Some of the mitigation decisions are highlighted in 
Table III below.

The remaining event was the non-functioning unit 
control mechanisms, which was ranked as having 
high risk. Many companies may consider this risk 
mitigated by mapping the incubator chamber to en-
sure temperature, humidity, and CO2 remain within 
an acceptable range. However, the range must be 
specified based upon growth profiles of the cells in 

various conditions. A HAACP analysis is valuable in 
this situation in that the risk team considers a process 
flow from when the cells are thawed through scale up 
and transfer to another location outside of the incuba-
tor. The team can identify areas of high risk and de-
termine which parameters should be considered criti-
cal. For example, the HAACP analysis may conclude 
that temperature, humidity, and COs are all critical 
parameters. At this point, a group of experiments 
should be designed (DOE) to prove or disprove that 
those parameters are indeed critical. In addition, the 
DOE should arrive at parameter values that can be 
used to determine the range for temperature mapping 
of the incubator. The work to determine the critical 
parameters was already completed, as this project 
objective was to expand the cell scale-up capacity for 
existing products with known critical parameters. 
However, any new products should be subject to an 
HAACP analysis to determine if any critical param-
eters are required to change. These would then need 
to be compared to the existing mapping studies of the 
incubator to be used for the cell scale-up.

Example #2: CIP Process
Typical CIP recipes consist of multiple process steps. 
These include an initial rinse to remove gross soil, a 
hot caustic wash phase, a rinse phase to remove the 
caustic residue, an acid wash, and, finally, several 
rinses culminating in a water for injection (WFI) 
rinse controlled by conductivity of the final rinse 
liquid. In a redesign of a CIP recipe intended to save 
water and chemical use at a large pharmaceutical 
manufacturer, a standard test soil that was initially 
determined to be cleanable with hot caustic and wa-
ter rinses only had repeated visual failures at scale in 
a stirred tank system.

Initial efforts focused on experiments to understand 
the failures. A DOE fractional factorial was designed 
with components of the cell culture not represented 
in the test soil that could be the source of the failure. 

Event Risk Mitigation

Process values not recorded at acceptable 

intervals 

High Connect the incubator to the facilities building management system 

(BMS) to monitor CO2, temperature, and humidity.

Facility power outage Medium Provide power to the incubator units from electric panels that are backed 

by the facility’s backup generators.

Power switch accidentally pressed into the 

off position 

Medium Install a switch cover.

Moisture affecting the power chord during 

room cleaning 

Medium Install NEMA Type 4X twist lock receptacles that are water and dust-

tight.

Elevated/depressed CO2 inlet pressure Medium Install pressure regulator for the inlet of each incubator.

Out-of-tolerance instruments Medium Add all instruments into the calibration program.

Table III: DFMEA Mitigations.
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These included cells suspended in phosphate buff-
ered saline (PBS), a PBS control, antifoam in a range of 
200–600 ppm, cells suspended in media, and a media 
control. The cell mixtures and the media-based solu-
tions were limited to concentrations found in normal 
processing because the total organic carbon (TOC) 
rinse water samples had acceptable results. The experi-
ment demonstrated that concentrations of antifoam 
greater than 400 ppm left a silica dust residue “bathtub 
ring” in the tank. The test soil, which had been compa-
rable to process soil at lower concentrations of anti-
foam, was not representative of process conditions with 
higher antifoam concentrations. The cleaning validation 
worst-case test soils and the process development were 
then adjusted to limit antifoam addition requirements.

Example #3: Cleaning Agent Composition
In an effort to reduce the cost of goods and raw ma-
terials, a manufacturer desired to create an in-house 
cleaning formulation from bulk chemicals rather than 
purchase commercial cleaning agents. Specifically, 
each CIP run using commercial formulated cleaning 
agents incurred costs as high as $12,000 per CIP cycle 
at commercial scale. To begin the project, the team 
first identified the general characteristics of commer-
cial cleaning agents. Proprietary cleaning formulations 
typically contain chelating agents, surfactants, alka-
line or acidic components, and, in some cases, oxidiz-
ing agents. Typical examples of these include ethyl-
enediaminetetraacetic acid, sodium gluconate, sodium 
hydroxide, phosphoric acid, citric acid, peracetic acid, 
hydrogen peroxide, and hypochlorite, respectively.

This commercial manufacturing facility consisted 
of an outdoor plug-flow recombinant algae plant 
at 60,000 L scale. A custom formulation of bulk 
chemicals was created to address the unique proper-
ties of the soil. To evaluate this custom formulation, 
a full factorial DOE was set up comparing several 
low-foaming surfactants, biocides, and chelators to 
address the water quality on site (minimizing water 
treatment requirements), the contamination load, and 
the high fat content of the unique soil. A formulation 
was identified within one week that cost approxi-
mately $100 per full scale CIP using non-bulk pricing 
by a combination of soiled coupons and 40 L scale-
down models of the system.

technIcAl equIPMent And FAcIlIty consIdeR-
AtIons
The efficiency and ease with which process develop-
ment studies can be leveraged to create uneventful 
and meaningful transitions to full scale validation 
assumes acceptable technical characteristics of the 
associated facility and equipment. Technical knowl-
edge, design quality, communicating and understand-
ing the process that designers have with commercial 

operations, and allocated time to the tech transfer 
process must be adequate for project success. The fol-
lowing are some specific points for consideration:
•	System Design: Systems should be designed and 

built as sanitary, with all United States Pharma-
copeia (USP) Class VI elastomers. Product-con-
tact surfaces should be electropolished. Drainage 
should include low-point drains and air breaks, 
appropriately sloped piping, diaphragm valves, 
and peristaltic or diaphragm pumps. Spray balls 
and spray wands must be thoroughly tested for 
their ability to cover all surfaces at a flow rate 
of five feet/second or produce acceptable sheet-
ing action inside a tank. Systems should be well 
characterized with known worst-case soils and 
a margin of error. The system should ideally be 
used exclusively on a single product or with a 
highly characterized platform.

•	Utilities: Utility equipment should able to supply 
more than enough water and chemicals assum-
ing a worst-case of all possible equipment being 
cleaned simultaneously. Process modeling is use-
ful in both sizing equipment accurately and driv-
ing the design of process development from an 
economic standpoint. WFI use is one of the most 
frequent causes of downtime in the suite and the 
highest cost of a CIP.

•	Automation: The system should be robustly 
automated without nuisance alarms, automation-
related stoppages, and minimal hand-valve 
manipulation. Not only do hand-valve manipula-
tions add to the risk of operator error, but they 
may result in safety hazards if a vent line is 
required to be opened to the room, a port is left 
uncapped, or a valve, which is part of a facility 
header, is opened to combine CIP process mate-
rials with other operations. Realistically, most 
systems are sub-optimal in this regard, most 
frequently in utility supply capacity and automa-
tion. Older facilities are expanded for additional 
products, but manufacturing must continue in 
the original suites to support product demand, 
causing utility upgrades to be postponed. It is 
helpful to revisit the issue of lost productivity 
time due to stopped and postponed CIPs after 
three to six months of production and compare it 
to the cost of the upgrade to determine a timeline 
for RODI and/or WFI system improvements.

•	Process Modeling: Economic savings can also 
be realized via process modeling; water treat-
ment and consumption become significant issues 
at scale. USP grade water may be substituted 
for all but the last rinse phase, and air blows or 
gravity drain steps between phases can minimize 
the water requirement, but further water savings 
can often be realized with process development 
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to limit wash-time requirements, rinse timing, 
and waste due to paused cycle recipes. There 
are risks unique to scale that may also be pre-
dicted by scale-down models; thermal expan-
sion coefficient differences between fittings and 
gaskets, especially in unusual fittings such as 
auto sampling devices, should be tested in scale-
down models prior to implementation. Time is 
a frequently overlooked scale factor; as automa-
tion pauses, tank fill rates (especially when other 
operations utilize the same resources) can cause 
a CIP recipe to run considerably longer with 
longer periods between steps, during which sur-
faces may dry, causing soil to be more difficult to 
remove.

•	Equipment Set-Up: Equipment set-up must con-
sider ergonomics not only as part of the JHA pro-
cess but also in terms of suite time. Spool pieces 
that are inaccessible without ladders or fall pro-
tection, filter housings that require hoist assis-
tance, and misaligned piping can take several 
times longer to set up than smaller parallel filter 
housings and sample devices in a readily acces-
sible area—just as manual valve manipulations 
take longer and add more risk than a thoroughly 
validated automation system that merely requires 
users to push a few buttons. When designing a 
system within budget constraints, the balance of 
affordability vs. risk must take error rates into 
account by comparing the proposed process 
design with similar operations and their error 
rates. Periodic reviews of process performance, 
whether monthly or annually, should include 
failure rates and causes for this reason.

•	Construction Realities: The economics of con-
struction can also result in a less than perfect 
sanitary design; higher flow rates, changes in 
flow direction or flow velocity, and manual 
cleaning during the equipment set-up can be 
used to mitigate the lack of surface contact and 
flow. Importantly, observing joints for leaks 
should never be used as a substitute for pressure 
testing to determine the sanitary isolation of a 
system; small gaps or cracks, in a pipe with high 
liquid velocity, can behave like a venturi and 
introduce non-process air into the system, bring-
ing contaminants with it.

•	Personnel: Planning for a CIP process transfer 
must consider the capabilities of the recipients 
and operators. A production suite is not a lab 
staffed by highly educated or technical engineers 
and scientists. When there are problems, it is not 
likely that the expertise to diagnose and work 
through the problem will be readily available. 

Even if there is a readily available solution, it 
may not be possible to implement the solution 
for regulatory reasons. Manufacturing operators 
may have minimal technical education. Manage-
ment may have a business background rather 
than a scientific degree. The process’ robustness 
and operational expectations should be designed 
for the appropriate level of expertise, not the 
assumption that a skilled, experienced, highly 
educated engineer or scientist will be running 
operations. Until a process is completely vali-
dated and has run several batches through to 
completion with minimal equipment, automa-
tion, or operational errors; a process develop-
ment engineer should be available to assist in 
the troubleshooting and scale-up process during 
operations.

conclusIon
While the overall process may seem complex, the 
tools to conduct Stage 1 process validation activities 
are available, have been used extensively throughout 
other industries, and are well defined with consid-
erable precedent. Above all, the use of these tools 
couples synergistically with robust planning and risk 
assessment activities. Ultimately, effective FDA Stage 
1 work by an appropriate project team, including risk 
analysis and DOE, will identify the critical process 
variables, interactions between them, and how the 
process responds to changes in each. These activities, 
when conducted and documented recorded properly, 
will serve the entire process validation continuum 
from qualification to maintenance. JVT
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“Statistical  Viewpoint”  addresses  principles  of  statistics  useful  to  
practitioners  in  compliance  and  validation. We intend to present 
these concepts in a meaningful  way  so  as  to  enable  their  applica-
tion  in  daily work situations.

The  comments,  questions,  and  suggestions  of  the readers are 
needed to help us fulfill our objective for this  column.  Please  contact  
our  coordinating  editor  Susan Haigney at shaigney@advanstar.com 
with comments, suggestions, or manuscripts for publication.

KEY POINTS
The following key points are discussed:

• Design of experiments (DOE) consists of three basic stages: screen-
ing to identify important factors, response surface methodology to 
define the optimal space, and model validation to confirm predic-
tions.

• A critical preliminary step in the screening stage is for subject mat-
ter experts to identify the key list of factors that may inf luence the 
process.

• A DOE design consists of a table whose rows represent experi-
mental trials and whose columns (vectors) give the corresponding 
factor levels. In a DOE analysis, the factor level columns are used to 
estimate the corresponding factor main effects.

• Interaction columns in a design are formed as the “dot” product of 
two other columns. In a DOE analysis, the interaction columns are 
used to estimate the corresponding interaction effects.

• When two design columns are identical, the corresponding  factors  
or  interactions  are  aliased and   their   corresponding   effects   
cannot   be   distinguished.

• A desirable feature of a screening design is orthogonality in which 
the vector products of any two main effect or interaction columns 
sum to zero. Orthogonality means that all estimates can be ob-
tained independently of one another.

• DOE software provides efficient screening designs whose columns 
are not aliased and from which orthogonal estimates can be ob-
tained. 

• Fractional factorial screening designs include fewer trials and may 
be more efficient than the corresponding full factorial design.

• The concept of aliasing is one of the tools that can be used to con-
struct efficient, orthogonal, screening designs.

• Center  points  are  often  included  in  screening designs to raise 
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the efficiency and to provide a measure of repli-
cation error and lack of model fit.

• The order of running and testing experimental 
trials is often randomized to protect against the 
presence of unknown lurking variables. 

• Blocking variables (such as day or run or session)  
may be included in a design to raise the design 
efficiency.

• Factor effects in screening designs may be 
missed because they were not included in the 
screening experiment, because they were not 
given sufficiently wide factor ranges, because 
the design was under powered for those factors, 
because trial order was not properly randomized 
or blocked, or because of an inadequate model.

INTRODUCTION
This article is the second in a series that deals with 
the specialized types of screening designs (1). These 
designs have been developed to most efficiently ac-
cept many inputs that may or may not be relevant to 
the final product and reduce this list to those few that 
are most important. Once the results are confirmed, 
the analyst proceeds to the response surface designs 
to map the fine detail in the area of optimal response 
(i.e., decide on the most desirable values of the inputs 
to get the optimal output of whatever is being manu-
factured or controlled).  The three most important 
targets usually sought are optimal concentrations, 
variance reduction, and robustness.

THEORY
Most screening designs are class III designs, where 
main effects are not aliased (confounded with each 
other), but the main effects are aliased with the two-
way interactions.  Factor levels are brief ly discussed 
in the following sections. At this point the reader may 
wish to review the previous article in the series (1) 
to re-examine the importance of randomization and 
replication.  Randomization ensures the indepen-
dence of the observations.  Replication assesses varia-
tion and more accurately obtains effect estimates.

Before the models (designs) are run, it may be 
advantageous to decide on design level, blocking (if 
any), and data transformation (if necessary).  Let’s 
examine transformations first, as this is a common 
problem.

Data Transformation
Transformations are usually employed to stabilize 
the response variance, make the distribution of the 
response variable more normal, or improve the fit of 
the model to the data (2).  Note that more than one of 
these objectives may be simultaneously achieved, and 

the transformation is many times done with one of 
the power family (y*=yλ, where λ is the transforming 
parameter to be determined, e.g., if λ =1/2, take the 
square root of the response variable). The most useful 
has been found to be the Box-Cox procedure that es-
timates λ and other model parameters simultaneously 
by the method of maximum likelihood.  Modern soft-
ware does this automatically.  If the analyst prefers to 
choose the value of λ, simple values are preferred as, 
for example, the real-world differences between 0.50 
and 0.58 may be small but the square root is much 
easier to interpret. Also if the optimal value of λ is 
determined to be close to one, no transformation may 
be necessary.

Blocking
It is often advantageous to minimize or eliminate 
variability contributed by factors of little or no inter-
est even though they affect the outcome. These nui-
sance factors may be reduced by a technique called 
blocking.  By grouping these nuisance variables and 
reducing system variability, the precision of factor (of 
interest) comparisons is increased. In the example 
of the chemical reaction in our previous article, if 
several batches of the substrate are required to run 
the design, and there is batch-to-batch variability due 
to supplier methodology, we may wish to block the 
substrate by supplier, thus reducing the noise from 
this factor. We tend to consider a block as a collection 
of homogeneous conditions.  In this case, we would 
expect the difference between different batches to be 
greater than those within a single batch (supplier).  
Please note, if it is known or highly suspected, that 
within-block variability is about the same as be-
tween-block variability, paired analysis of means will 
be the same regardless of which design may be used. 
The use of blocking here would reduce the degrees of 
freedom and lead to a wider confidence interval for 
the difference of means.

Factor Levels
The last preliminary item of importance is choosing 
factor levels.  There are an infinite number of values 
for any continuous variable, and a restricted, but usu-
ally large number for categorical variables. In general, 
when the objective is to determine the small num-
ber of factors that are important to the outcome or 
characterize the process, it is advisable to keep factor 
levels low—usually two works well. This is because 
we are designing F*k runs (F=factor, k=levels) in a 
factorial type experiment and as the levels of each 
factor rise, the number of runs increases dramati-
cally. The drama intensifies further if interactions are 
included.
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TECHNIQUES–THE DESIGNS
The following are three widely-used screening de-
signs:

• Randomized blocks and fractional factorial 
designs

• Nested and split-plot designs
• Plackett-Burman (P-B) designs.
• 

Randomized Blocks and Fractional 
Factorial Designs
As was stated, similar batches of relatively homoge-
neous units of data may be grouped. This grouping 
restricts complete randomization as the treatments 
are only randomized within the block. By blocking 
we loose degrees of freedom but have eliminated 
sources of variability and hopefully gained a better 
understanding of the process. We cannot always 
identify these nuisance factors. But by random-
ization, we can guard against the effects of these 
factors, as their effects are spread or “diluted” across 
the entire experiment.

If we remember our chemical process experi-
ment from the previous article, we had two reagents 
with two levels of an enzyme, temperature, and 
mix speeds. We added a center point to check for 
curvature and ran a single replicate for each point 
and blocked across four days (see Figure 1). We put 
all main factors plus an interaction into the model 
(see Figure 2).

Parameter estimates in Figure 2 told us that the 
blocks were not significant, and when we rerun the 
model without a block effect, we see the results in 
Figure 3.

Although parameter estimates in Figure 3 show 
little difference, the enzyme component is closer 
to significance. Again this may represent a power 
problem or design f law (we needed a wider enzyme 
range). In this example, we may not have needed to 
block, but it is always wise to test if an effect is sus-
pected or anomalous results are encountered.

Fold-over.  There is a specialized technique 
within this group called fold-over. It is mentioned 
because the analyst may find it useful for isolat-
ing effects of interest. It is performed by switching 
certain signs in the design systematically to isolate 
these effects. The signs are changed (reversed) in 
certain factors of the original design to isolate the 
one of interest in an “anti-aliasing” strategy. The 
name derives from the fact that it is a fold-over 
of the original design. The details are beyond the 
scope of this introductory article but may be found 
in standard references (2, 3).

Latin-square design. Yet another specialized 
technique used with fractional factorial designs 
is the Latinsquare design. This design utilizes the 
blocking technique on one or more factors to reduce 
variation from nuisance factors. In this case the 
design is an n x n where the number of rows equal 
the number of columns. It has the desirable prop-
erty of orthogonality (independence of the factors, 
great for simplifying the math and strengthening the 
conclusions). Unfortunately, the row and column 
arrangement represent restrictions on randomiza-
tion, as each cell in the square contains one of the 
n letters corresponding to the treatments, and each 
letter can occur only once in each row and column.  
The statistical model for this type of design is an 
effects model and is completely additive (i.e., there 
is no interaction between the rows, columns, and 
treatments).

Saturated design.  One last term that the novice 
may bump up against is the concept of a satu-
rated design, unfortunately all too common in the 
industrial world. This refers to a situation where 
the analyst is attempting to include many variables 
in the model and has few runs (translating ulti-
mately to too few degrees of freedom) to support the 
analysis.  This allows for estimation of main effects 
only. In some cases, all interactions may be aliased 
with the main effects, thus condemning the analyst 
to missing important factors and interactions. If it 
is not possible to increase the number of runs, it is 
a good idea to call in subject matter experts (SMEs) 
(usually chemists or engineers) to assist in eliminat-
ing variables.

Nested and Split-Plot Designs
These designs are widely used in many industries. 
They introduce the need for random factor designa-
tion and the joys of variance component analysis. 
The former refers to those factors that may be taken 
as an adequate representative of a larger population. 
For example, if two instruments are used in an ex-
periment to characterize performance because only 
two were available, the results may not be general-

Figue 1: Screening design and test data
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Figure 2: Actual by predicted plot

Figure 3: Actual by predicted plot
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ized to the population of 100 instruments that were 
manufactured and the factor “instrument” is not 
random and, therefore, we classify it as a fixed ef-
fect.  If, however, 20 instruments were available and 
7 or 8 were chosen at random, the results are much 
more likely to represent the population and the fac-
tor may be considered random. As the minimal num-
ber needed may be calculated from sampling theory 

and power studies, a statistician may be consulted if 
there are no industry recommendations.

Variance component analysis involves the calcula-
tion of expected mean squares of error to determine 
how much of the total system variance is contributed 
by each term in the model (including the error term).
Nested design. “When levels of an effect B only oc-
cur within a single level of an effect A, then B is said 

Figure 4: Actual by predicted plot

Figure 6: Normal plotFigure 5: Residual by predicted plot
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to be nested within A” (4). This 
may be contrasted with crossed 
effects, which are interactions (i.e., 
the results of one factor are depen-
dent upon the level of another fac-
tor). Nested designs are sometimes 
referred to as hierarchical designs.

In our example of the chemical 
process, if we only had several tem-
peratures and mix speeds available, 
we might wish to check the effects 
of using only certain mix speeds with certain tempera-
tures. This is easily done by nesting mix speed within 
temperature, designated as mix speed [temp]. When 
the model is analyzed this way, we get the results in 
Figure 4.

The fit is better only because we now have categor-
ical variables, less to fit, and many other factors are 
significant. We have, however, lost degrees of free-
dom by nesting terms, and this may negatively affect 
power. We would then use residual (error) analysis 
as our diagnostic tool, followed by standard checks 
such as normal probability plots, outlier checks, and 
plotting the residual versus fitted values (see Figures 
5 and 6). 

Both of the diagnostics in Figures 5 and 6 exhibit 
problems (i.e., increasing residuals with predicted 
values and many off-axis values on the Normal Plot). 
These may be due to singularities during calculations 
(e.g., terms going to infinity or division by zero). We 
may wish to increase the runs to see if the increasing 
degrees of freedom will stabilize the values.

Split-plot design. In some experiments, due to real-
world complications, the run order may not be ame-
nable to randomization and we need to use a generaliza-
tion of the factorial design called the split-plot design. 
The name refers to the historical origins of the design 
in agriculture and posits splitting some factor into 
sub-factors due to some problem with running a full 
factorial design or data collection method (e.g., different 
batches on different days). Therefore, we are running the 
experiment as a group of runs where within each group 
some factors (or only one) remain constant. This is done 
as it may be very difficult or expensive to change these 
factors between runs. In our example, we can declare 
the enzyme prep and temperature as difficult to change. 
The software then optimally designs the experiment 
around 5 plots in just 10 runs, far fewer than even a 
fractional factorial design (see Figure 7).

It declares only the plots as random so they take 
up all of the variance. The plots are split by the 
enzyme and mix speed as these have been declared 
hard to change and are the subplots. As we have 

only the one random effect, we test all others as 
fixed effects (see Table).

The results are essentially the same as for the 
fractional factorial, as the design may contain similar 
flaws.

Plackett-Burman (P-B) Designs
P-B designs are specialized screening designs where 
the number of runs is not required to be powers of two. 
If there are funds for extra runs whose number does 
not increase by a power of two, these designs are ideal 
as they also generate columns that are balanced and 
pairwise orthogonal. They are based upon a very flex-
ible mathematical construct called a Hadamard matrix 
where the number of runs increases as a multiple of 
four and thus will increase much more slowly than the 
fractional factorial. Note that these are Resolution III 
designs where the main effects are not aliased with each 
other but are aliased with any two-way interactions. The 
great advantage of these designs is the ability to evaluate 
many factors with few runs. The disadvantages involve 
the assumptions made (i.e., that any interactions are not 
strong enough to mask main effects and that any qua-
dratic effects are closely related to factor linear effects). 
Although these assumptions usually hold, it is always 
best to try to verify them with any available diagnostics.

Again, for our system the P-B design is seen in Fig-
ure 8. The analyses results are seen in Figure 9. 

It appears that P-B may not be a good design 
choice as it requires more runs and is less sensitive to 
the present data structure than simpler designs.

SYNOPSIS: BUT WHICH DO I USE?
The following provides a pathway for application and 
selection of appropriate screening designs. The fol-
lowing questions are addressed:

•  Which screening design should be used when 
resources are a consideration?

•  Which screening design should be used when 
flexibility is needed regarding variables to be 
tested?

•  What are the advantages of the respective designs 
regarding special needs (e.g., reducing noise, 
blocking, and other needs)?

Table: Fixed by effect tests
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Figure 7: Screening design and test data

Figure 8: Plackett-Burman design.
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Figure 9: Plackett-Burman design results.
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SOFTWARE
There are numerous software products available to 
assist the practitioner in design and analysis of their 
experiments. The author has had experience with 
the following commercial packages:

• Design Expert (www.statease.com)
• GenStat (www.vsni.co.uk)
• JMP (www.jmp.com)
• Minitab (www.minitab.com)
• MODDE (www.umetrics.com)
• STATISTICA (www.statsoft.com)
• SYSTAT (www.systat.com)
• Unscrambler (www.camo.no).

CONCLUSIONS
Modern experimental design is sometimes art as 
well as science. It is the objective of this column 
to acquaint the reader with the rudiments of the 
screening design, introduce them to the nomencla-

ture, and supplement the learning experience with a 
real-world example.
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Figure 10: is a flow diagram may be used to answer
these questions.
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