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DoE for Scale-Up
… using MODDE® and DoE-DiVa®

and a little bit of R

Session 5: Qualitative Dependencies.   01.03. 2023

(Typically Material Properties)

Prof. Dr. Andreas Orth
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Design of Experiments (DoE)

01/03/23

- DoE works best for independent and quantitative factors

- Real processes are full of dependencies and discontinuities

- How to make DoE work better in Real life?

- … best idea is to make DoE more flexible!
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MODDE®, DoE-DiVa® and R
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MODDE® and qualitative factors

01/03/23

Qualitative factor: fermentation broth

with optical density, Odb, and viscosity, VISb
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MODDE®: how to code qualitative factors
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MODDE®: how to analyse qualitative factors
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broth 4 is best
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MODDE®: alternative analysis (edit model)
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optical density is important
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DoE-DiVa® can design for ODb and VISb
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Group factor: fermentation broth

QDEP-u-factors:   optical density, Odb, and viscosity, VISb
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- DoE-DiVa prepares the dependencies

- & either generates an x-design and

MODDE® does Analyze and Optimize

- or DiVa generates an x-candidate set

and MODDE® generates a D-optimal,

and then does Analyze and Optimize

How DoE-DiVa and MODDE® work together
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How this works technically …
x-factors are just factors in MODDE®, 

u-factors become derived responses
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DoE-DiVa® can even design for ODr and 

VISr, where „r“ stands for „retentate“ 
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Group factor: fermentation broth

QDEP-u-factors:   optical density, Odb, and viscosity, VISb

CDEP-u-factors:   optical density, Odr, and viscosity, VISr
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How DoE-DiVa handles factor dependencies

Qualitative dependencies Continuous dependencies
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Factor dependencies in 

Downstream Filtration
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1. The DoE-Diva approach

2. Example: Membrane Filter

3. Factorial x-design using DoE-DiVa

4. Preparing a Candidate Set for MODDE®
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u: User-factor, to be set in the experiment, e.g. Temp, pressure etc.

x: eXplaining-factor, to be used in the model, e.g. a force-ratio

Tx: transformation to get from u to x, e.g. ratio, dimensionless variable 

c: coefficients or parameters in the model, f, to be determined by model FIT

z: measured response value

y: transformed response value, e.g. ratio or product of a z and some u

Ty: transformation to get from z to y, may also just be log or neg-log
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The DoE-DiVa-approach

Challenge:

Invert this

transform
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Design: How to get u from f and the transformation

Model Fit: how to get coefficients, c, from x and y

Optimization: how to get the u from the specification for z

model&

design

factor

transform

response

transform

The role of the Transformations
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Design: To get u from x, Tx has to be inverted

Model Fit: To get x from u for Fit, Tx need not be inverted, Tapprox is not needed. 

factor

transform

response

transform

The Approximation Trick to get Tx
-1

Inverting a non-linear Tx may be difficult or impossible, so Tx is

approximated by a linear Tapprox and when we write Tx
-1 we mean Tapprox

-1

Response

to the

Challenge:

01/03/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 18

Design: To get u from x, Tx has to be inverted

„Simple“ Scale Up using Similarity

u1

u2

u3

x1

x2

xscup

If there are fewer x-factors than u-factors, then

there is an orthogonal xscup-“slider“-direction, along

which both x-coordinates stay the same. 

Tx
-1 (respectively Tapprox

-1) then depends on the

„sliding-direction“, „down“ or „up“. If the x‘s are

dimensionless, and if u gives a „complete“ 

description of all relevant aspects of the process, 

the Similarity Principle of Dimensionless Analysis  

permits the transfer of results from „down“ to „up“.
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Design: To get u from x, Tx has to be inverted

Complex“ Scale Up using „All that one knows“

The back transform, Tx
-1 (respectively Tapprox

-1),  may be much more

different at Low Scale than at High Scale than just a different „slider

position“, particularly if there are

- differing low/high intervals for (geometrical) u-factors,

- different u-factor variables altogether (=> a different dimension(!)),

- different formulae or data relating relevant u- and x-factor variables. 

„A-t-o-k approach“

Tx
-1

at high Scale

Tx
-1

at low Scale

Challenge:

They may

be different
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Coping with qualitative factors
quantitative approach

Typically these factor variables and interdependent and discrete

discrete: Odb can take values 6.7, 7, 8.1 and 8.6

VISb can take values 3.9, 4, 4.5 and 4.8 

interdependent: not all combinations are possible, 

values come in pairs: B1  6.7 and 4 (… or triples etc.)

B2  7    and 3.9

B3  8.1 and 4.8

B4  8.6 and 4.5

Outset:  A qualitative factor (like broth) can be described by numeric

factor variables, we call them QDEP-factors, like (Odb and VISb).
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Variant 1:   There are enough

independent controlled factors that

can influence these numeric factors

to allow „Sliding“ (as in simple Scale-Up):

Concentration factor, cf1, influences

Optical Density in the retentate, ODr,

so that the x-design can be made for

ODr and d_p_x (differential pressure),

and cf1 can be used to „slide“ to a feasible

ODb-setting, that corresponds to an 

existing broth.

Coping with qualitative factors

ODb

d_p

cf1

d_p_x

ODr

xslider
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Variant 2: Maybe there are not enough controlled factors for

„Sliding“, or the interdependent and discrete describing factor

variables need to be used directly without being influenced by

other controlled factors.

In this case the interdependency defines discrete contraints, that

should be reflected in a candidate set of potential experimental 

runs, from which a D-optimal design can be generated.

MODDE® perfectly handles continuous contraints, the DoE-DiVa® 

can – soon (not in the current version) – supply corrresponding

candidates sets.

Coping with qualitative factors
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1. The DoE-Diva approach

2. Example: Membrane Filter

3. Factorial x-design using DoE-DiVa

4. Preparing a Candidate Set for MODDE®
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u-factors for membrane-filter example

Name Abbr Group Role userunit transform userlow userhigh offset gradient

1 conc-factor1 cf1 cf1 contr mg/l log 2 3 0 0,001

2 conc-factor2 cf2 cf2 contr mg/l log 2 3 0 0,001

3 differential pressure d_p d_p contr bar log 0,65 0,75 0 100000

4 transmembrane pressure tm_p tm_p contr bar log 0,45 0,55 0 100000

5 storage time t t contr h log 6 12 0 3600

6 viscosity of retentate VISr VISr cdep mm²/s log 1 1 0 0,000001

7 OD of retentate ODr ODr cdep AU log 1 1 0 1

8 feed flow rate feed feed cdep l/m²h log 1 1 0 2,78E-07

9 broth ODb broth qdep AU log 6,7 8,6 0 1

10 broth VISb broth qdep mm²/s log 3,9 4,8 0 0,000001
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u-dependencies

01/03/23

6 viscosity of retentate VISr VISr cdep

7 OD of retentate ODr ODr cdep

8 feed flow rate feed feed cdep

9 broth ODb broth qdep

10 broth VISb broth qdep

broth ODb VISb

broth1 6,7 4

broth2 7 3,9

broth3 8,1 4,8

broth4 8,6 4,5

xcf1 xd_p xt xODb xVISb yfeed

1 2 0,7 9 6,7 4 740

2 2,5 0,7 9 6,7 4 700

3 2,5 0,65 9 6,7 4 655

4 2,5 0,7 9 6,7 4 700

5 2,5 0,7 9 6,7 4 705

6 2,5 0,75 9 6,7 4 720

7 2,5 0,7 9 6,7 4 675

8 2,5 0,7 9 6,7 4 710

9 3 0,7 9 6,7 4 675

10 2 0,65 12 7 3,9 775

11 2 0,75 12 7 3,9 864

12 2 0,65 12 7 3,9 778

13 2 0,75 12 7 3,9 867

xcf1 xcf2 xODb xVISb yODr

1 2 2 6,7 4 16,9

2 2,5 2 6,7 4 19,8

3 3 2 6,7 4 21,9

4 2 2 7 3,8 17,2

5 2,5 2 7 3,8 20

6 3 2 7 3,8 26,06

7 2 2 8,1 4,8 23,9

8 2,5 2 8,1 4,8 27,5

9 3 2 8,1 4,8 31,5

10 2 2,5 6,7 4 18,4

11 2,5 2,5 6,7 4 21,3

12 3 2,5 6,7 4 23,4

xcf1 xcf2 xt xVISb yVISr

1 2 2 6 4 1,11

2 2,5 2 6 4 1,29

3 3 2 6 4 1,29

4 2 2 6 3,9 1,11

5 2,5 2 6 3,9 1,2

6 3 2 6 3,9 1,37

7 3 2 6 3,9 1,34

8 2 2 6 4,8 1,6

9 2,5 2 6 4,8 1,86

10 3 2 6 4,8 2,29

11 2 2,5 6 4 1,21

12 2,5 2,5 6 4 1,39

… as data tables
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u-dependencies … as directed acyclic graph (DAG)

controlled

u-factors dependent

u-factors

x-factors
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1. The DoE-Diva approach

2. Example: Membrane Filter

3. Factorial x-design using DoE-DiVa

4. Preparing a Candidate Set for MODDE®

01/03/23 (c) Prof. Andreas Orth, Umesoft GmbH, Eschborn 28

Step 1: u-factors
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Step 2: u-factor qualitative dependencies
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Step 3: x-factors

The u-factors, cf1, cf2, Odb and VISb are not required as x-factors.
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Step 4: u-factor continuous dependencies

Approximation quality:

R² is 0.969 for feed, 0.968 for ODr and 0.921 for VISr

relative deviation is 0.608 % for feed, 1.71% for ODr and 15.48% for VISr
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Info: Tapprox – transformation as a matrix
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Step 5: choose x-factors to use in the design
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Step 6: define z-response(s) (no relevance today)
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Info: view Tapprox and its inverse Tapprox
-1

These tables can be used later, if it becomes necessary

to adapt low/high settings of u-factors. 
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Step 7: view and edit x-settings to use
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Step 7f: x-settings

In this example inner limits and 

outer limits are different for all x-factors
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Step 8: select the design variation

… for the x-factors:

d_p_x, tm_p_x, VISr_x

ODr_x, feed_x
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Step 8f: Look at 

the design (uu-

design)
… and verify that only

existing broth-properties

are being used in the

design!
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Step 8ff: ok-plot for u-design
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Step 8ff: ok-plot for x-design         (should be orthogonal)

1. The DoE-Diva approach

2. Example: Membrane Filter

3. Factorial x-design using DoE-DiVa

4. Preparing a Candidate Set for MODDE®
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Step 1: u-factors

Only one contr-factor to influence Odr and VISr
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Step 2: u-factor qualitative dependencies

Same dependency of Odb and VISb on broth
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Info: Tapprox – transformation as a matrix

Only one contr-factor to influence Odr and VISr
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Step 5: choose x-factors to use in the design
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Step 7: view and edit x-settings to use
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Step 8: select the design variation

… for the x-factors:

d_p_x, tm_p_x, VISb_x

ODb_x
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Step 8f: Look at 

the design (uu-

design)
… and notice that

existing broth-properties

are respected for some, 

but not all runs … 
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Step 9: move to MODDE
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Step 9f: design in MODDE

Use the

imported

candidate set
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Step 9ff: copy/paste the formulae
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Vielen Dank!

ganz besonders an:

Chhawang Lama

Anthony Orth
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