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ROBOTIC CLAY 3D PRINTING

3D Clay Printing
. ICompleX geometries

e Sustainable materials

e Multi- scenarios
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Image Source (from left to right):
https:/ /au.pinterest.com/pin/31243791160165963

https:/ /studiorap.nl/Ceramic-House
https://www.3dwasp.com/en/3d-printed-pop-up-store-wasp-dior/
https://www.3dwasp.com/en/3d-printed-pop-up-store-wasp-dior/
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ROBOTIC CLAY 3D PRINTING
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Clay Mixing
Problem 1: Inconsistent Clay Mixture Problem 2: Time-varying Clay Mixture

Decline in Clay Water Ratio Over Time
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Maunual Adjustment

Image Sourcehttps://www.3dwasp.com/en/3d-ptinted-pop-up-store-wasp-diot/

Manual adjustments are time-consuming

and difficult to scale.
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Open-loop Control

Extrusion

Extrusion

Extrusion

Extrusion

: Over

: Good

: Over

: Good

Open-loop systems fail to adapt to
these dynamic changes during
printing,
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Close-loop Control

( Input )—- System {Output)
|

Close-loop systems can realize dynamic adjustments during printing.
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Comparisions

Manual Adjustment | Open-loop Control | Close-loop Control
Problem 1 - - -
Problem 2
v X v
Stability
X v v
Efficiency (Cost) X . .

Stability: The ability of a strategy to maintain consistent extrusion quality without sudden fluctuations.
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Research Question

Can a machine learning-assisted closed-loop system enable
real-time anomaly detection and correction in robotic 3D clay
printing of overhang structures?
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Objectives

X 1. Good Extrusion Quality

@ 2. Overhang Success

Methods

ﬁﬁf‘ 1. Robotic control

U/ 2. Close-loop calibration

x 3. Real-time visual feedback

Q 4. Multi-objective Machine Learning
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Experimental Setup

System
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6- aX1s robotic arm

‘!" o 1. Robotic control

URD5 robot
WASP LDM extruder (3mm nozzle)
1L Clay Tank

Pros:
- Flexibility of construction

- Practical feasibility (easy to scale
up)
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Frame Design

E 3. Real-time visual feedback

Self-design clay tank frame &
camera arm

The entire setup, including extruder mount and

camera system, was custom-fabricated and

optimized for flexibility and experimental control.



3. Real-time visual feedback

Overall Connection

Photo Collection control
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Motor speed control
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Dataset
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Photo-taken

Left camera

Right camera

8 3. Real-time visual feedback

One camera strategy — side view

Two-camera strategy — full top view
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Image Calibration

raw image taken by camera 0

raw image taken by camera |

|
3500 x 4608 pixels

warp image 0

warp image 1

crop image 0

crop image 1

final merged image

cropped image
size: 224 x 224

X 3. Real-time visual feedback

Guarantee the accuracy of data

Applicable to general experiment set-up
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Dataset
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A total of 31,153 images were initially collected.

After image filtering, 17,553 image pairs were retained

19
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X 1. Extrusion quality

Labelling Standard

@ 2. Overhang success

Under Extrusion Good Extrusion Over Extrusion Unsafe Overhang At Risk Overhang Safe Overhang
e
Parameter 1: Extrusion quality Parameter 2: Overhang success
(evaluated by shell thickness) (evaluated by contacting areas)

20
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Labelling Summary
|

A > N
A 7 A80™
Angle 1 Angle 2 Angle 3
Speed | §1
Angle 0.1
A1130° | +/
A2140° | /
A3150° | /
A4160° |

Legend: Parameterl: Extrusion

Under Extrusion, label: [0]
B Good Extrusion, label: [1]
Bl Over Extrusion, label: [2]

Parameter2: Overhang success

[0 Safe, label: [0]
At risk, label: [1]

Unsafe, label: [2]
I Failure (no data)
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Machine Learning

Machine
Learning
Model
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DINO v2

@

4. Mult-objectve

Machine Learning

DINOv2-Based Hybrid Network Architecture

Resnet 56

Self-Distillation Without Labels

Unlabeled
Dataset DINOv2
(LVD-142M) ViT-S/14

S
Labeled [ '3
Dataset — i.l % 9, E % % D_INOVZ
(Self-collected) <9 22 55 ViT-S/14
3 ~ ~Q
< g
~
Output Augmented Images Tensor shapei Tensor shapeé Patch Embeddings§

)24x224 |

3,224,224] 1 [B, 3, 224, 224]; B, 196, 384] :

Extrusion Quality Label

0 - LOW
(". - GOOD
’ 2 - HIGH
3 B¢ E L
X
-85 35 30 '6‘ w < Overhang Success Label
Re3 s 1§ £
¢a  ga 9 K
w 0 - UNSAFE

k»’ - ATRISK

2 - SAFE
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@

4. Mult-objectve

Machine Learning

ML Learning Curves Comparisons

train_acc_comb_epoch train_loss_epoch
! 1.1
09 09
0.7
08
0.5
0.7
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0.6 0.1
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Hybrid ML model

Training time: 11 hours and 34 minutes
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0.55

0
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val_loss
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1k 2k 3k 4k 5k 6k 7k 8k 9k 10k 0 1k 2k 3k 4k 5k 6k 7k 8k 9k 10k

Resnet 56 MI. model

Training time: 1 hour and 55 minutes
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Q 4. Mult-objectve

Machine Learning

ML Prediction Accuracy Matrices

Hybrid

Resnet 56

True label

True label

Good

High

Parameter 1 Parameter 2

0.00

0.00 0.00

Low

0.00

True label
Good

“
\

l,‘
'l

0.00 0.00 0.00

High

Low Good High Low Good High
Predicted label Predicted label
Parameter 1 Parameter 2

3 0.00

0.00

True label
Good

0.00

High

Low Good High Low Good High
Predicted label Predicted label
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Grad-CAM Visualization

Resnet 56

Ui, _ /

.
¥

.

DINO v2
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Closed-Loop Real-Time Correction

Feedback
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x 1. Extrusion quality @ 2. Overhang success

Logic Table

Logic table

Extrusion Quality Overhang Success  Action on RAMS

Low Unsafe Decrease by 25%

Low At Risk Decrease by 20% —
Low Safe Decrease by 15%

Good Unsafe Decrease by 15%

Good At Risk Decrease by 10%

Good Safe No change

High Unsafe Increase by 10%

High At Risk Increase by 5%

High Safe Increase by 5%

w=Q/(h)
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Closed-L.oop Real-Time Correction

2 Close-loop calibration

Trained ML Shell Thicl

Gorrection Period

40 sec

Monitoring
Pause

Model success Label Prediction

kness & Overhang

Label Predicted: Good,Safe

RAMS- 25% Low, Unsafe

RAMS- 20% Low, At Risk

RAMS- 15% Low, Safe

RAMS- 15% Good, Unsafe

RAMS-10% Good, At Risk

RAMS+ 10% High, Unsafe

2

RAMS+ 5% High, At Risk

Parameter Monitoring

Predicted
Labels
High

Good

W ot Wi ow

Error Prediction

Py =105

RAMS+ 5% High, Safe

Label Predicted other than

Proportion
within Pm

Good, Safe
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~ TERMINAL

Keyboardinterrupt

Cu rrent speed { 1 PS £:\OneDrive - Delft University of Technology\TUD Master\graduation project'ML> &

Using ceche found in C:\Users\xdin®/.cache\torch\hb\facebookresesrch_dinov2_main

C:\Users\xdin9/.cache\torch\hub\facebookresearch_dinov2 main\dinov2\layers\swiglu ffn.py:51: Usersarning: xFormers is not available (SwiGLU)
warnings.warn(“xformers is not available (SwiGLU)™)

C:\Users\xdind/ . cache\torch\hub\facebookresearch_dinovl main\dinov2\layers\attention.py:33: Userwarning: xFormers is not available (Attention)
warnings.warmn(“xFormers 1is not available (Attention)®)

C:\Users\xdin9/ . cache\torch\hub\facebookresearch_dinov2 main\dinov2\lsyers\block.py:48: UserWarning: xFormers is not available (Block)
warnings.warn(“xFormers is not svailable (Block)")

DATA DIR: E:\OneDrive - Delft University of Technology\TUD Master\graduation project\ML\Dataset\isages

# Uploading URScript and starting printing.

B uRsScript uploaded and executed

#4 Cleared all contents from: E:\OneDrive - Delft University of Yechnology\TUD Master\graduation project\test_print_photo\Image detection
+ Cleared all contents from: E:\OneOrive - Delft University of Technology\TUD Master\graduation project\test_print_photo\lIsage_for_preprocess

L4
I rmln I 4 Cleared all contents from: E:\OneDrive Delft University of Technology\TUD Master\graduation project\test_print_photo\Image for_prediction
e 2 Waiting 18s before monitoring

Initial speed: 0.5

+ Cleared all contents from remote folcder: /home/user/Image_detection
o g2 Starting timelapse on Raspberry Pi.
g2 Starting timelapse on Raspberry Pi... £2 Starting timelapse on Raspberry Pi
- @ Waiting for 10 pairs of images on Raspberry Pi..

® Waiting for 10 pairs of images on Rasg

Nozzle view

Ry
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Objectives

@ 1. Extrusion quality
@ 2. Overhang success
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Comparison & Evaluation

Detault printing 1

1. Extrusion quality

Real-time calibration printing
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Comparison & Evaluation

Detault printing 2

@ 2. Overhang success

Real-time calibration printing
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Dominant Factor in Printing

Dominant Factor Proportion vs Speed (Shell Thickness) Dominant Factor Proportion vs Overhang Inclined Angle
1.0r
0.9 Extrusion Dominant Proportion
—a— Overhang Dominant Proportion
0.8f
0.81
0.7

o
o
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T

Extrusion Dominant Proportion
—=— Overhang Dominant Proportion

I
S
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B
T

Dominant Factor Proportion
<)
w

o
w
Dominant Factor Proportion

o

[N]
o
(]

T

©
=

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.0

Speed (Shell Thickness) 130 140 150 160
Overhang Inclined Angle (degrees)

Resnet 56
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Conclusion & Future work

* Al-assisted close-loop control can improve the printability and
accuracy of 3DCP.

* Research objects achieved

* Prediction accuracy: Hybrid MLL model works better than
conventional Resnet 56.

* Grad-CAM: Highlight the Need for a Hybrid ML Model

* Al for Science: dominant factor change finding in ML

Future work:
* Scaling to gantry systems

* Material expansion (e.g., concrete)

Objectives

%

o

o

0.

Dominant Factor Proportion
o

o o
N w

o
b

1. Exrrusion quality

2. Overhang success

0.02

Methods

€Y 1. Robotic control
2. Close-loop calibration
E 3. Real-time visual feedback

Q 4. Muld-objective Machine Learning

Dominant Factor Proportion vs Speed (Shell Thickness)

0.03

0.04

0.05 0.06 0.07 0.08 0.09 0.10
Speed (Shell Thickness)
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