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Introduction and problem definition

Pharma challenges1,2 
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1. Technical1

2. Regulatory2 

Others

1Lee, O’Connor et al. (2015), J Pharm Innov
2Destro, F., Barolo, M. (2022)., International Journal of Pharmaceutics 
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EPSRC project: cognitive manufacturing

Incorporating Industry 

4.0 into chemical/pharma 

manufacturing

3Appsierra, 2022. https://www.appsierra.com/blog/what-is-industry-4-0

Industry 1.0

Mechanisation

Water and steam power

Industry 2.0

Electrification

Unit operations and 

divisions of labour

Industry 3.0

Computerization,

IT and electronics

Industry 4.0

Robotization,

Artificial intelligence, 

cloud computing

1784 1870 1969 Since 2011

Industrial revolution timeline3 Project objective

https://www.appsierra.com/blog/what-is-industry-4-0
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Methodology: novel cloud-based platform4

4Agunloye, Petsagkourakis, Yusuf, Labes, Chamberlain, Muller, Bourne, and Galvanin, (submitted) React. Chem. Eng.
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Cloud-based experimental controls

Wait for 
request

Execute 
request

Send 
sample to 

HPLC

Interpret 
HPLC 

results

Submit outlet 
species 

concentrations

Data

LabBot automation scheme4

4Agunloye, Petsagkourakis, Yusuf, Labes, Chamberlain, Muller, Bourne, and Galvanin, (submitted) React. Chem. Eng.
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Simbot

Experimental data: 𝒄𝒆𝒙𝒑

Experimental designs:

𝛗 = 𝒖𝑇 , 𝜏, 𝒄0
𝑇 𝑇 

Flow reactor model4:
𝜕𝑐𝑖

𝜕𝑡
=

𝜕𝑐𝑖

𝜕𝜏
+  σ𝑗=1

𝑁𝑟
𝜈𝑖𝑗𝑟𝑗 ;    ∀𝑖 = 1, … , 𝑁𝐶

−𝑟𝑗 = 𝑘𝑒𝑓𝑓 ς 𝑐𝑖
𝑝𝑖  ; 𝑘𝑒𝑓𝑓 = 𝑘0𝑒−

𝐸𝑎
𝑅𝑇 

Optimisation objectives4:

1. Parameter estimation: 𝑀𝐿𝐸 𝜽 =
1

2𝜋
Τ𝑁𝑦𝑁𝑠 2 𝑽𝒚

Τ𝑁𝑠 2 exp ቄ

ቅ

−
1

2
σ𝑖

𝑁𝑠ሾ

ሿ

𝒚𝑖 −

ෝ𝒚𝑖(𝜽) 𝑇𝑽𝒚
−1 𝒚𝑖 − ෝ𝒚𝑖(𝜽)

2. Model discrimination: 𝜓𝑀𝐷 = max
𝝋∈𝜱

𝜓ሾ 𝒚𝟏 − 𝒚𝟐 𝑇
𝑽𝒚

𝟏 −1
+ 𝑽𝒚

𝟐 −1
𝒚𝟏 − 𝒚𝟐 ሿ

3. Parameter precision: 𝜓𝑃𝑃 = max
𝝓∈𝜱

𝜓ሾσ𝑟=1
𝑟=𝑛 σ𝑠=1

𝑠=𝑛 𝜎1
𝑟𝑠𝑸𝒓

𝑻𝑸𝒔ሿ

Cloud

Physics-based model equations in Simbot

𝒄 𝑡 : reactant concentrations, ෝ𝒚 𝑡 : measurements, 𝒖 𝑡 : control variables, 𝜽: parameters, 𝑡: time; 

𝒚: model expectation, 𝑽: response covariance matrix, 𝑸: parameter sensitivities 

HPLC

Product

Tubular 
reactor 

A

B

C
Reactant 
pumps

1

2

4Agunloye, Petsagkourakis, Yusuf, Labes, Chamberlain, Muller, Bourne, and Galvanin, (submitted) React. Chem. Eng.
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Pharma case study: homogeneous amide formation

❑ Two mechanisms can be inferred from literature: forward-step and reversible-step5,6.
❑ 𝜒2 lack-of-fit test performed in Module 3 following parameter estimation accepted the reversible 

model (with 4 parameters) as the best model for the amide formation as shown in Table 1.

5Nakajima and Ikada (1995) Bioconjugate Chem. 6, 123-130
6Clark, Farmer, Kennepohl, Morsch, & Morsch,, (2022) Chemistry of Amides.

Table 1

https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Organic_Chemistry_(Morsch_et_al.)/21%3A_Carboxylic_Acid_Derivatives-_Nucleophilic_Acyl_Substitution_Reactions/21.07%3A_Chemistry_of_Amides
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Case study: MBDoE results

❑ MBDoE for parameter precision (i.e., robust model performance) subsequently selected the most 
informative experiment that improved the reversible model predictions as shown in the results in 
Fig. C with full-factorial experimental designs for model validation (Module 5). 

4Agunloye, Petsagkourakis, Yusuf, Labes, Chamberlain, Muller, Bourne, and Galvanin, (submitted) React. Chem. Eng.



Thursday, July 11, 2024 10

Conclusions (1/2)

• In conclusion, we have developed a novel cloud-based platform that remotely 

controls a smart experimental reactor using optimal experimental design 

software.

• The platform has been demonstrated in a number of case studies, including 

the pharmaceutically relevant amide formation.

• The  model-based design of experiment techniques identified robust kinetic 

model with reliable predictions in a few experimental runs.

• The developed cloud-based platform will be instrumental in accelerating 

developments of digital twin platform and on-demand manufacturing for the 

pharmaceutical sector and the wider chemical industry.. 

1

2

3

4
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Conclusions (2/2)

• In conclusion, we have developed a novel cloud-based platform that remotely 

controls a smart experimental reactor using optimal experimental design 

software.

• The platform has been demonstrated in a number of case studies, including 

the pharmaceutically relevant amide formation.

• The  model-based design of experiment techniques identified robust kinetic 

model with reliable predictions in a few experimental runs.

• The developed cloud-based platform will be instrumental in accelerating 

developments of digital twin platform and on-demand manufacturing for the 

pharmaceutical sector and the wider chemical industry.. 

1

2

3

4
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