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Fused Deposition Modeling UCAAT /—

How do printer instructions look like?

&
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FDM / Gcode

;TYPE:External perimeter
Gl F1200
Gl X81.41 Y81.41 E.53867
G1 X98.59 Y81.41 E.53867
G1 X98.59 Y98.59 E.53867
Gl X81.47 Y98.59 E.53678
M204 Pleeo
Gl X81.514 Y98.204 Fo0e0
Gl E-2.24 F2700
sWIPE_START
Gl F7200
Gl X81.461 Y96.93 E-.912
sWIPE_END
l? Gl E-.048 F2700

Gl Z.4 F720
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Related Work JGCGAAT S

What does exist?
& <)

Audio File Fingerprint Audio Detection Model Audio
Expectation Gcode Same? Printer Reality

>  File specific
> No match to instructions

> Not applied for predictive maintenance
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Where is the gap?

Audiolized Instructions

L

Audio Detection Model

@ =

Expectation Gcode

File agnostic
Mapping: Instructions <-> Sound

Applied for predictive maintenance
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UCGAAT /—

Generation
Printer Gcode Audio Gcode Audiolized Instructions
G1X2F2  allitsrs
Illll ' GI X2 F2 2V
GIY2F3  _.yfus-s- ‘
. A "
N ‘»)) Gl 22 F1 .
= °
= =) . =) A :
H . A
Audio Record ® Fourier
Profile . transform | & yo £ /V\ /\
Gcode* >
Slices

*Requires instrumented segmentation
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Audio Cue Test Oracle JGCGAAT S

Assertion

Gcode

Audiolized Instructions

Gl X2 F2

%

Print Recording

N

Calculate
distance

(i<

Gcode Audiolized Instructions

G1 X2 F2 VW\
— >
@ Test Oracle

=

. Get similar
moves
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Basic movements JGCGAAT S

What are distinguished features?

Diagonal

Test

[

® Distance for basic movements?
® Inverse directions
® Different lengths
® Different feedrate

5100 and 1200 mm/s
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What are distinguished features?

Gcode Instructions
(Recording)

(150.00, 0.00, 0.00)_5100
(-150.00, 0.00, 0.00) 5100
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What are distinguished features?

) teel Sheet by PRUSA3D.COM
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Gcode Instructions
(Profile)
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What are distinguished features?

r 120

eet by PRUSA3D.COM
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Inverse direction similarity

(150.00, 0.00, 0.00) 5100 -
(-150.00, 0.00, 0.00) 5100
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Basic movements JGCGAAT S

What are distinguished features?

r 120

Length similarity

(100.00, 0.00, 0.00) 5100 -
(-100.00, 0.00, 0.00) 5100

(150.00, 0.00, 0.00) 5100
(-150.00, 0.00, 0.00) 5100

Log Root Mean Square Distance
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Basic movements JGCGAAT S

What are distinguished features?

r 120

teel Sheet by PRUSA3D.COM

—_

Direction difference

(0.00, 150.00, 0.00)_5100
(0.00, -150.00, 0.00) 5100

5100 -.

5100
5100

5100 4
5100 4
5100 4
Log Root Mean Square Distance
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Basic movements JGCGAAT S

What are distinguished features?

r 120

eatbed Steel Sheet by PRUSA3D.COM

—_

Length similarity

(0.00, 100.00, 0.00)_5100 .

(0.00, -100.00, 0.00) 5100 .
(0.00, 150.00, 0.00)_5100
(0.00, -150.00, 0.00) 5100

e )

Log Root Mean Square Distance
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What are distinguished features?

rPrint area

Heatbed Steel Sheet by PRUSA3D.COM
Sbibat MRt
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-150.00, -150.00, 0.00)_5100

-100.00, -100.00, 0.00)_5100

-150.00, -150.00, 0.00)_1200 -

-100.00, -100.00, 0.00)_1200

(0.00, 0.00, 5.00)_0
(150.00, 0.00, 0.00)_5100
(-150.00, 0.00, 0.00)_5100
(0.00, 150.00, 0.00) 5100
(0.00, -150.00, 0.00)_5100
(150.00, 150.00, 0.00) 5100

(100.00, 0.00, 0.00)_5100
(-100.00, 0.00, 0.00)_5100
(0.00, 100.00, 0.00)_5100
(0.00, -100.00, 0.00)_5100
(100.00, 100.00, 0.00)_5100

(150.00, 0.00, 0.00)_1200 -
(-150.00, 0.00, 0.00)_1200 -
(0.00, 150.00, 0.00)_1200
(0.00, -150.00, 0.00)_1200 -
(150.00, 150.00, 0.00) 1200 -

(100.00, 0.00, 0.00)_1200 4
{-100.00, 0.00, 0.00)_1200 -
(0.00, 100.00, 0.00)_1200 4
(0.00, -100.00, 0.00) 1200
(100.00, 100.00, 0.00)_1200 -

5100 mm/s

5100 mm/s

(0.00, 0.00, 5.00)_0

5100 -

5100 -

5100 -

5100 -

5100 -

(150.00, 0.00, 0.00

(0.00, 150.00, 0.00

(150.00, 150.00, 0.00
(-150.00, -150.00, 0.00

5100 -
5100 -
5100 A
5100 A
5100 -
5100

(100.00, 0.00, 0.00
(-100.00, 0.00, 0.00
(0.00, 100.00, 0.00
(0.00, -100.00, 0.00
(100.00, 100.00, 0.00
(-100.00, -100.00, 0.00

5100
1200

1200 -

1200 A

1200 A

1200 A

(150.00, 0.00, 0.00
(-150.00, 0.00, 0.00
(0.00, 150.00, 0.00
(0.00, -150.00, 0.00
(150.00, 150.00, 0.00
(-150.00, -150.00, 0.00

1200
1200
1200
1200
1200
1200

(100.00, 0.00, 0.00
(-100.00, 0.00, 0.00
(0.00, 100.00, 0.00
(0.00, -100.00, 0.00
(100.00, 100.00, 0.00
(-100.00, -100.00, 0.00
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Basic movements JGCGAAT S

What are distinguished features?

F120
(0.00, 0.00, 5.00)_0

.

DIGgOﬂCIl (150.00, 0.00, 0.00)_5100
(-150.00, 0.00, 0.00)_5100
(0.00, 150.00, 0.00) 5100
(0.00, -150.00, 0.00)_5100
(150.00, 150.00, 0.00) 5100
-150.00, -150.00, 0.00)_5100
(100.00, 0.00, 0.00)_5100
(-100.00, 0.00, 0.00)_5100
(0.00, 100.00, 0.00)_5100
(0.00, -100.00, 0.00)_5100
(100.00, 100.00, 0.00)_5100
-100.00, -100.00, 0.00)_5100
(150.00, 0.00, 0.00)_1200 -
(-150.00, 0.00, 0.00)_1200 -
(0.00, 150.00, 0.00)_1200
(0.00, -150.00, 0.00)_1200 -
(150.00, 150.00, 0.00) 1200 -

-150.00, -150.00, 0.00)_1200 - 20 0 /
(100.00, 0.00, 0.00)_1200 4 ] m m S
{-100.00, 0.00, 0.00)_1200 -
(0.00, 100.00, 0.00)_1200 4
(0.00, -100.00, 0.00) 1200
(100.00, 100.00, 0.00)_1200 -
-100.00, -100.00, 0.00)_1200

Heatbed S S y PRUSA3D.COM

rPrint area

1200 mm/s

Log Root Mean Square Distance
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(0.00, 100.00, 0.00
(0.00, -100.00, 0.00
(100.00, 100.00, 0.00
(-100.00, -100.00, 0.00
(150.00, 0.00, 0.00
(-150.00, 0.00, 0.00
(0.00, 150.00, 0.00
(0.00, -150.00, 0.00
(150.00, 150.00, 0.00
(-150.00, -150.00, 0.00
(100.00, 0.00, 0.00
(-100.00, 0.00, 0.00
(0.00, 100.00, 0.00
(0.00, -100.00, 0.00
(100.00, 100.00, 0.00
(-100.00, -100.00, 0.00
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Basic movements JGCGAAT S

What are distinguished features?

r 120

o (0.00, 0.00, 5.00)_0
DIGgOﬂCIl (150.00, 0.00, 0.00)_5100
(-150.00, 0.00, 0.00)_5100 -
(0.00, 150.00, 0.00) 5100
(0.00, -150.00, 0.00)_5100 -
(150.00, 150.00, 0.00) 5100 -
-150.00, -150.00, 0.00)_5100
(100.00, 0.00, 0.00)_5100 4
(-100.00, 0.00, 0.00)_5100
(0.00, 100.00, 0.00)_5100 4
(0.00, -100.00, 0.00)_5100 -
(100.00, 100.00, 0.00)_5100 - 5] OO m m / S
-100.00, -100.00, 0.00)_5100
(150.00, 0.00, 0.00)_1200
(-150.00, 0.00, 0.00)_1200
(0.00, 150.00, 0.00)_1200
(0.00, -150.00, 0.00)_1200
(150.00, 150.00, 0.00) 1200
-150.00, -150.00, 0.00)_1200
(100.00, 0.00, 0.00)_1200
(-100.00, 0.00, 0.00)_1200
(0.00, 100.00, 0.00)_1200
(0.00, -100.00, 0.00) 1200
(100.00, 100.00, 0.00)_1200
-100.00, -100.00, 0.00)_1200

Heatbed S S y PRUSA3D.COM

rPrint area

1200 mm/s

5100
5100
5100
5100
5100
5100
5100
5100
5100
5100
5100
5100
1200
1200 -
1200 A
1200 A
1200 A
1200
1200
1200
1200
1200
1200
1200

(0.00, 0.00, 5.00)_0

(150.00, 0.00, 0.00
(-150.00, 0.00, 0.00
(0.00, 150.00, 0.00
(0.00, -150.00, 0.00
(150.00, 150.00, 0.00
(-150.00, -150.00, 0.00

(100.00, 0.00, 0.00
(-100.00, 0.00, 0.00
(0.00, 100.00, 0.00
(0.00, -100.00, 0.00
(100.00, 100.00, 0.00
(-100.00, -100.00, 0.00
(150.00, 0.00, 0.00
(-150.00, 0.00, 0.00
(0.00, 150.00, 0.00
(0.00, -150.00, 0.00
(150.00, 150.00, 0.00
(-150.00, -150.00, 0.00
(100.00, 0.00, 0.00
(-100.00, 0.00, 0.00
(0.00, 100.00, 0.00
(0.00, -100.00, 0.00
(100.00, 100.00, 0.00
(-100.00, -100.00, 0.00
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Basic movements JGCGAAT S

What are distinguished features?

r 120

o (0.00, 0.00, 5.00)_0
DIGgOﬂCIl (150.00, 0.00, 0.00)_5100
: (-150.00, 0.00, 0.00)_5100
i ‘ i (0.00, 150.00, 0.00)_5100
i (0.00, -150.00, 0.00)_5100
(150.00, 150.00, 0.00) 5100
-150.00, -150.00, 0.00)_5100
(100.00, 0.00, 0.00)_5100
(-100.00, 0.00, 0.00)_5100
(0.00, 100.00, 0.00)_5100
(0.00, -100.00, 0.00)_5100
(100.00, 100.00, 0.00)_5100
-100.00, -100.00, 0.00)_5100
(150.00, 0.00, 0.00)_1200
(-150.00, 0.00, 0.00)_1200
(0.00, 150.00, 0.00)_1200
(0.00, -150.00, 0.00)_1200
(150.00, 150.00, 0.00) 1200
-150.00, -150.00, 0.00)_1200
(100.00, 0.00, 0.00)_1200
(-100.00, 0.00, 0.00)_1200
(0.00, 100.00, 0.00)_1200
(0.00, -100.00, 0.00)_1200
(100.00, 100.00, 0.00)_1200
-100.00, -100.00, 0.00)_1200

Log Root Mean Square Distance
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Early Results: Basic movements JGCGAAT S

What are distinguied features?

25 - Distance Threshold

F120
(0.00, 0.00, 5.00)_0

@ X = Axes: (150.00, 0.00, 0.00)_5100

(-150.00, 0.00, 0.00) 5100

@® Direction similarity (0.00. 150.06, 0.00)_5100

(0.00, -150.00, 0.00)_5100

. . . (150.00, 150.00, 0.00)_5100
® Length similarity (150,00, 150.00, 0005100

(100.00, 0.00, 0.00)_5100

(-100.00, 0.00, 0.00)_5100

(0.00, 100.00, 0.00)_5100

@ Y_A . {0.00, -100.00, 0.00)_5100
Xes’ (100.00, 100.00, 0.00)_5100

(-100.00, -100.00, 0.00)_5100

@® Direction difference (150.00, 0.00, 0.00)_1200

{-150.00, 0.00, 0.00)_1200

@® Moved toward sensor (0.00, 150.00, 0.00)_1200

(0.00, -150.00, 0.00)_1200

@ L th H 'I 't (150.00, 150.00, 0.00)_1200
eng simiiari y {-150.00, -150.00, 0.00)_1200
(100.00, 0.00, 0.00)_1200

(-100.00, 0.00, 0.00)_1200

(0.00, 100.00, 0.00)_1200

¢ Diagonal: o s s
@® Differs to individual axes

Log Root Mean Square Distance
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Outline UCAAT —

@® Additive Manufacturing
® Audio Cue Test Oracle
@ Early Results

@® Conclusion
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Issue detection UCAAT S

Can audiolized instructions detect printer deviations?

! | 1 i
. ORIGINAL PRUSA'I3 Mk3 ZraiNAL PRUSA i3 mMk3
ose ose

| by Josef Pru | by Josef Pru

Profile: Square rotated, shrunk with different feedrates

Value of Automateladigsting " #UCAAT g
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Early Results: Issue detection JGCGAAT S

Test Oracle

Can movements be mapped in general?

Closest Distance

Test Oracle

Recording Rordlng (Manipulated printer)

Optimizing the Value of Automa N T MM



Lessons Learned
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UCGAAT /—

(-100.00, -100.00, 0.00)_1200, 2 matches

150

100

® Audio similarities in:
® Distance
@® Same Direction
® Inverse direction

50 4

o4

—50 -

—100

150
—-150

® Variance weight improves association
® Threshold scaled for each movement

@® Limitations:
® Small movements sound similar
@® Requires instrumentation
@® 11 classification not possible

4
22

T
-100

T
-50

T
0

T
50

T
100

150

—100

-150

(100.00, 100.00, 0.00)_1200, 2 matches

150

100

50 4

—50 -

T T T T T
—-150 -100 -50 0 50 100 150

Optimizing the Value of Automate




10th

Conclusion UCAAT S

Gcode Audiolized Instructions
Summary

® Audio cue test oracle for individual gcode
9 —_ VW/\

® Potential for predictive maintenance

[
»

Test Oracle

r

Future Work
@® Different environments
® Different prints
® Different printers




Thank you for your attention!

Contact me:
johannes.erbel@cs.uni-goettingen.de

Gcode Audiolized Instructions

s1x2F2 A/

Test Oracle
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Issue detection UCAAT S

Can audiolized instructions detect printer deviations?

Small Movements have small
distance to each other!

Close-up

AWdsting ! #UCAAT



Formulas

Audio slice g(t) = 32, 6(t — t;)a;, N discrete intensities a; at equidistant time points ¢
Fourier oo —iom ft
transform G(f) = |- 9(t)e d
Audiolized G(f) = S2io, 6(f — fi)As, N discrete intensities A; at equidistant frequency bins f;
instruction
Mean i 1M 4() 1 M () _ jpy2
variance A; = M 23:1 Aij ; (77;2 — M-1 Zj:l(Ai] - Af)
profi|"e G(f) = Zﬁl 5(f — f;)A; as well as a N variances o?
Difference to d = \/% >N (’4;—;4>2 distance for audio with audiolized instruction intensities A,
prOfIIe % Kolja Thormann
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