
Application of the Sliplink model in polymer
extrusion-based 3D printing

Rutledge Group Meeting 
December 5, 2022 

Visiting Student: Daniel Silva

Visit Supervisors: Profesor Gregory C. Rutledge, Ph.D. 
Marat Andreev



Application of the Sliplink model in polymer extrusion-based 3D printing

Daniel Silva 2

Outline

• Personal Background

• Research Center Presentation

• 3D Printing

• Opportunity

• Previous Studies

• Motivation

• Project Idea

• Using the Sliplink Model

• Results and Discussion

• Conclusions and Future Work



Application of the Sliplink model in polymer extrusion-based 3D printing

Daniel Silva 3

Outline

• Personal Background

• Research Center presentation

• 3D Printing

• Opportunity

• Previous Studies

• Motivation

• Project Idea

• Using the Sliplink Model

• Results and Discussion

• Conclusions and Future Work



Application of the Sliplink model in polymer extrusion-based 3D printing

Daniel Silva 4

Background

• Research in Design and Manufacturing

• Mechanical Engineering

• Manufacturing Work Experience
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Background

• Doctoral Program in Materials Science

• Exploratory Project in 3D Printing
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CDRSP - What we do?

• Academic Research and Training
• Joint projects with companies

Application of the Sliplink model in polymer extrusion-based 3D printing

Within one of the largest
mould making clusters
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• Academic Research and Training
• Joint projects with companies

Application of the Sliplink model in polymer extrusion-based 3D printing

Key Topics:

✓ Emerging Technologies in Manufacturing

o Additive Manufacturing

✓ Materials → Biopolymers, Smart Materials, Metamaterials

✓ Biomedical Applications

✓ Sustainability

✓ Circular Economy

Within one of the largest
mould making clusters

CDRSP - What we do?
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What we do?
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Direct Digital Manufacturing (DDM)

Sliced geometry

CAD file

Finished part
Platform relative

movement

Deposition of
new layer

Digital Definition
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What we do?

Application of the Sliplink model in polymer extrusion-based 3D printing

CDRSP is the lead institute in the PAMI - Portuguese 
Additive Manufacturing Initative project

Direct Digital Manufacturing (DDM)

Sliced geometry

CAD file

Finished part
Platform relative

movement

Deposition of
new layer

Digital Definition
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Extrusion-based 3D Printing

Scott Crump, founder of Stratasys, invented Fused
Deposition Modelling (FDM), or 3D printing in 1989.

What we do?



Daniel Silva 11

Application of the Sliplink model in polymer extrusion-based 3D printing

Extrusion-based 3D Printing

Scott Crump, founder of Stratasys, invented Fused
Deposition Modelling (FDM), or 3D printing in 1989.

What we do?



Daniel Silva 12

Application of the Sliplink model in polymer extrusion-based 3D printing

Extrusion-based 3D Printing

Scott Crump, founder of Stratasys, invented Fused
Deposition Modelling (FDM), or 3D printing in 1989.

What we do?



Daniel Silva 13

Application of the Sliplink model in polymer extrusion-based 3D printing

Examples
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What we do?
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What we do?

Application of the Sliplink model in polymer extrusion-based 3D printing

Example – Jig

FDM fabrication with PLA



Daniel Silva 21

What we do?
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Example – Jig

Final Part

Infill pattern Jig Fitting
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What we do?
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Example – Big parts
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More information

Application of the Sliplink model in polymer extrusion-based 3D printing

https://cdrsp.ipleiria.pt/

Reserch Center

https://www.youtube.com/watch?v=k0poVtBhIsQ

The 3D printing revolution - Documentary

https://cdrsp.ipleiria.pt/
https://www.youtube.com/watch?v=k0poVtBhIsQ
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Project Idea - Origin

Application of the Sliplink model in polymer extrusion-based 3D printing

“Any processing operation applied to a polymer may have both chemical and physical

effects on the material.” – Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979, pp. 15 ISBN 0-8206-0285-X
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Project Idea - Origin

Application of the Sliplink model in polymer extrusion-based 3D printing

Material property mapping
during manufacturing

Single Material → Different
Behaviors

“Any processing operation applied to a polymer may have both chemical and physical

effects on the material.” – Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979, pp. 15 ISBN 0-8206-0285-X
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

• How to monitor the changes in the material?

• How far can we change the material behavior under a certain load?

• Can we predict the behavior of the material after production?
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Application of the Sliplink model in polymer extrusion-based 3D printing

Previous Studies

ALBA Synchrotron, Barcelona - Spain



Daniel Silva 30

Application of the Sliplink model in polymer extrusion-based 3D printing

Previous Studies

• Point measurements on the Z direction, observing the polymer scattering as it
crystallizes;

• Static extrusion means that measurements along the Z axis relate to the
evolution in time.
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Previous Studies
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Application of the Sliplink model in polymer extrusion-based 3D printing

Previous Studies

SAXS patterns obtained at different write speeds 

Extended chains during crystallization…
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Application of the Sliplink model in polymer extrusion-based 3D printing

Previous Studies

P2n = 1 → uniform orientation of crystals

Orientation Parameter < 𝑃2𝑛>
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Proof of Concept

Deposition velocity proportional to radial distance
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Proof of Concept

Higher print speed Lower print speed

Deposition velocity proportional to radial distance
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Application of the Sliplink model in polymer extrusion-based 3D printing

Motivation

• Doctoral Program in Materials Science

Source: Ruben Demets, et al.; Addressing the complex challenge of
understanding and quantifying substitutability for recycled plastics.

Degradation
during Recycling

Polyethylene as 
the world’s most

used polymer.

Monomaterial
Design and Printing

High Recyclability

Property Mapping

Same material, 
Different responses!
Increasing reliability.
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Motivation

• Exploratory Project in 3D Printing - Case Study Load

Biodegradability: 
Requirement and 

Constraint
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• How far can we change the material behavior under a certain load?

• Can we predict the behavior of the material after production?

Multiscale Simulation
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

• How to monitor the changes in the material?

• How far can we change the material behavior under a certain load?

• Can we predict the behavior of the material after production?

Multiscale Simulation

• Material Characteristics
• Process Parameters

Deformation

Sliplink 
Model

Stresses

• Conformation Tensor – C

CFD

MD
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Originally:

• Modelling polymer flow and crystallization.

• Analysis of the elastic modulus of a partially cristalized poylmer melt.

Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

Adapted from: Roger T. Fenner, Principles of Polymer Processing, The Macmillan Press, 1979, 
ISBN 0-8206-0285-X



Daniel Silva 42

Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

3 Months Visit

Learning how to use the Sliplink Model

Application in 3D Printing!
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

New plan:
• Simulation for printability assessment

Flowability Buckling
Shape

Stability
Die Swell

Interlayer
Adhesion
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

New plan:
• Simulation for printability assessment

Flowability Buckling
Shape

Stability
Die Swell

Interlayer
Adhesion

Shear Thining
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

η 𝜔 = η0 1 + λ𝜔 2
𝒏−1
2

Sample 1
Sample 2
Sample 3

Shear thining given by n in the Carreau Model:

Experimental Data

𝒏 ∈ 0; 1 in pseudo-plasticity domain

𝒏 ↓ → shear thining ↑
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

η 𝜔 = η0 1 + λ𝜔 2
𝒏−1
2

Sample 1
Sample 2
Sample 3

Shear thining given by n in the Carreau Model:

𝒏 ∈ 0; 1 in pseudo-plasticity domain

𝒏 ↓ → shear thining ↑

Shear Rate, 𝒔−𝟏

η ሶ𝛾 = η0 1 + λ ሶ𝛾 2
𝒏−1
2

Experimental Data
Simulation
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

η 𝑡 =
𝜎𝑥𝑦(𝑡)

ሶ𝛾
ሶ𝛾1

ሶ𝛾𝑛

η𝑆 ≡ 𝑆𝑡𝑒𝑎𝑑𝑦 𝑆𝑡𝑎𝑡𝑒 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

Plot 𝜼𝑺 as a function of ሶ𝜸

Mean value
of Viscosity

• Obtainment of the Flow Curves



• Material: Polyisoprene (PI) 

𝑀𝑤 = 94.9 𝑘𝑔/𝑚𝑜𝑙

𝑁𝑠 = 46

𝜏𝑆@25°𝐶 = 0.1𝑠

• 𝑇 = 200°𝐶

• ሶ𝜸 = ?
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Project Idea

Application of the Sliplink model in polymer extrusion-based 3D printing

Input variables
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Shear rate for a circular capillary die:

Input variables

Using the model

Application of the Sliplink model in polymer extrusion-based 3D printing

ሶ𝜸𝒘 =
𝟒𝑸

𝝅𝒓𝟑
𝟑𝒇 + 𝟏

𝟒𝒇

𝑄 = π𝑅2𝑣𝑝

ሶ𝛾𝑤 ≡ 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 𝑠−1

𝑄 ≡ 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ൗ𝑚3
𝑠

𝑓 ≡ 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑠ℎ𝑎𝑝𝑒 𝑖𝑛𝑑𝑒𝑥 𝑓 < 1
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Shear rate for a circular capillary die:
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Using the model

Application of the Sliplink model in polymer extrusion-based 3D printing

ሶ𝜸𝒘 =
𝟒𝑸

𝝅𝒓𝟑
𝟑𝒇 + 𝟏

𝟒𝒇

𝑄 = π𝑅2𝑣𝑝

ሶ𝛾𝑤 ≡ 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 𝑠−1

𝑄 ≡ 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ൗ𝑚3
𝑠

𝑓 ≡ 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑠ℎ𝑎𝑝𝑒 𝑖𝑛𝑑𝑒𝑥 𝑓 < 1

ሶ𝜸𝒘 = ሶ𝜸
Assumption 1
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Shear rate for a circular capillary die:

Input variables

Using the model

Application of the Sliplink model in polymer extrusion-based 3D printing

ሶ𝜸𝒘 =
𝟒𝑸

𝝅𝒓𝟑
𝟑𝒇 + 𝟏

𝟒𝒇

𝑄 = π𝑅2𝑣𝑝

ሶ𝛾𝑤 ≡ 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 𝑠−1

𝑄 ≡ 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ൗ𝑚3
𝑠

𝑓 ≡ 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑠ℎ𝑎𝑝𝑒 𝑖𝑛𝑑𝑒𝑥 𝑓 < 1

ሶ𝜸 = 𝟏𝟓𝟎 𝒔−𝟏

For Ø = 0,4𝑚𝑚,
𝑣𝑝= 1,5𝑚𝑚/𝑠

and 𝑓 = 1
Assumption 2

ሶ𝜸𝒘 = ሶ𝜸
Assumption 1
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1. Run the “shear_flow_exp”
• Time-temperature Superposition

𝜏𝑆@200°𝐶
ሶ𝛾𝑠𝑙 = 𝜏𝑠. ሶ𝛾

2. “Shear_flow_dummy” edition for each shear rate

3. Job preparation and run – Cluster

4. “Stress_aver” script run – Compilation of stress data of different
output files

5. Data plotted in Excel

Procedure

Using the model

Application of the Sliplink model in polymer extrusion-based 3D printing



• 6 Simulations ran on cluster. 

• Lowest shear rate → Running time ~10 min ←1000 chains | 50 chains per job
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Application of the Sliplink model in polymer extrusion-based 3D printing

Using the model

Flow curves
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Application of the Sliplink model in polymer extrusion-based 3D printing

Using the model

Mean value of steady state viscosity
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Application of the Sliplink model in polymer extrusion-based 3D printing

Using the model

γ' γ'SL ηS

0.75 0.000126 196.2317

1.5 0.000252 142.9468

3 0.000505 95.64104

15 0.002524 17.3557

75 0.012621 4.19945

150 0.025241 2.242802

𝑠^(−1) 𝑠^(−1) kPa.s

Viscosity Curve
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Application of the Sliplink model in polymer extrusion-based 3D printing

Using the model

Power regression



• Following the power-law: 

η𝑆 = 𝐾. ሶ𝛾𝑠𝑙
𝒏−𝟏

The trendline slope is equal to the power n-1.

• From the regression: 
𝑛 − 1 = −0.953֞𝒏 = 𝟎. 𝟎𝟒𝟕
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Application of the Sliplink model in polymer extrusion-based 3D printing

Using the model

Very high shear thining!



• Higher periods for lower shear rates should be tested;

• Value of n does not have a practical meaning – Non-
application in 3D Printing.

Other materials could be tested in near future developments.
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Observations

Application of the Sliplink model in polymer extrusion-based 3D printing



• Conformation tensor calculation – Near future.

Consideration of:

• Nozzle section variation and calculus of pressure difference as input parameter;

Assumption of immediate freezing of the conformation tensor and the modulus.

• Conformation tensor calculation with a partially crystallized melt.
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Application of the Sliplink model in polymer extrusion-based 3D printing

Future Work



• I had the opportunity to be introduced to Molecular Dynamics 
and to successfully apply the Sliplink Model in 3D printing;

• There are several opportunities to execute new studies;

Daniel Silva 61

Conclusions

Application of the Sliplink model in polymer extrusion-based 3D printing



• I had the opportunity to be introduced to Molecular Dynamics 
and to successfully apply the Sliplink Model in 3D printing;

• There are several opportunities to execute new studies;

• It was very challenging and... I have a lot more to study…
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Conclusions

Application of the Sliplink model in polymer extrusion-based 3D printing
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Thank you, Rutledge Group!

Application of the Sliplink model in polymer extrusion-based 3D printing


