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Glasses ; BAM

Key components for advanced technologies

Continuous and widely
adjustable properties
Unique shaping techniques

© Ideal “tailored” material
partner



Challenge
Glass design

® Infinitely variable {
composition

® Complex property J
profiles

® Too little data, no
process data _

® Manual melting {

< BAM



GlassDigital
Digital infrastructure for accelerated glass development
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Use case system
Nazo'Alzo3'Bzo3'SiOZ




Robotic Glass Melting System
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~ Fraunhofer ; BAM
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Melting furnaces

Cooling
furnace
Crucible (old)
(re-)filling
Batch
— container
Lids for
Batch mixing or
dosing crucible filling




Robotic _Glass Meltl_ng System = Fraunhofer ; BAM
New casting and cooling system «ince 7723 ISC

Casting on 6 Cooling
steel plates furnaces




Robptlc Glass Meltmg System ~ Fraunhofer ; BAM
Casting and cooling system 2.0 IsC

Graphite-j‘éws




Robotic Glass Melting System

Process data

© High-throughput

© Reproducibility

© Process parameter
stored

—_—

“Experience”

Z Fraunhofer & BAM
ISC
Process protocol (json)
{"date™: "2022-07-02 16:11:04.061"™,
"recipe™: "N115A1SBE15S5255™,
"Tmaterial: ": "leer™, "setpoint (g)": "0.0","material: ": "tcest"™, "setpoint (g)}™: "0.0","material: ":
"leer™, "setpoint (g)™: "0.0","material: ": "5i02", "setpoint (g)™: "11.47", "material: ": "Ca0O",
"setpolint (g)™: "0.0","material: ": "MgO", "setpolint (g)": "0.0","material: ": "5i02 - Millisil"™,
"setpolint (g)™: "0.0","material: ": "Na2C03", "setpoint (g)™: "9.12", "material: ": "Optibor TG
(H3BO3) ™, "setpoint (g)": "0.0","material: ": "A1203", "setpoint (g)™: "1.14"™, "material: ": "-7,
"setpolint (g)™: "0.0","material: ": "B203", "setpoint (g)": "33.01","material: ": "E20", "setpoint
{g)™: "0.0","material: ": "Zr02", "setpoint (g)": "O0.0",",
"number melt™: 1", "total crucikle (g)™: "35.0", "setpoint refill {(g)™: "0.0", "oven number™: "27,
"nremelt heating rate (PE)"™: "20.0", "premelt temperature (°C)™: "1100™, "premelt holding time (min)™:
mi5.om,
"main melt heating rate (°E)": "20.0", "main melt temperature (“C)": "1200", "main melt holding time
[min)™: ™&0.07,
"fritten": "FALSE",
"cool oven start time (min)"™: "0.0", "cool oven start time temperature control {(min)™: "30.0", "cool
oven Start temperature 1 (°C)"™: "700", "cool oven cool rat 1 ("K)™: "3.0", "cool oven Start
temperature 2 (°C)"™: "300", "cool oven cool rat 2 (°K)": "10.0", "cool oven target temperature (“C)7:
-1V
{"cimestamp™: "l6:11:04.0€1™, "start jok no.™: "1v, "ID™: "185S™, "recipe™: "N11SAlSBElSS5255M)
{"timestamp™: "16:13:23.763", "Processing ends jok no."™: "17}
{"timestamp™: "16:13:23.781", "start job no.": "2", "ID": "I85", "recipe™: "N11SAL1SBE&15S52557})
{"timestamp™: "1l6:13:26.9%6l1", "Empty cruclikle welght (g)™: "93.2"}
{"timestamp™: "16:13:45.435", "Processing ends job no.": "2"}
{"timestamp™: "16:13:46.507", "start job no.": "3", "ID": "185", "recipe™: "N11SA1S5B61552557})
{"timestamp™: "16:13:52.119", "mat.no.": "4, "mat.": "5i02", "setpoint {(g)": "11.47", "actual wvalue

(g)": "0.0"}



GlassDigital ; BAM
Digital infrastructure for accelerated glass development
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Inline Sensors
Furnace cameras

© Look through the
13 x 1cm tube!

® Condensation,
smoke — air flow,
tube replacement




Inline_ Sensor_s | L U Clausthal ; BAM
Real-time melting stage evaluation

ML Image analysis (ResNet 34)
detects different melt stages

Granules Foaming Fining

Laser light -
detection of © more reliability
foaming up © more output

(in progress) © less energy

1050°C, 10 fps, Sodium alumino
silicate batch, Time to melt 300 s
(10 x time lap)

- 12



Inline Sensors
Real-time castability evaluation

20
18
16
14
12

=
« Mechanical impacts G 10
during continuous O s
camera observation 6

« Image change rate

1250°C, 30 fps, Sodium alumino scales with viscosity 4
silicate bgtch, (10x time lap) 2

Reflection of the
furnace tube » © Failure probability &
© Reproducibility

21U Clausthal © BAM

® Q1

[ B @

0 Q3
® Q4

- _castahle
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900 1000 1100 1200 1300
Temperature [°C]

_— Gogula et al. Optical real-time castability check for high-throughput glass melting, Glass Europe 2 (2024)

N

[HEN

log n [Pa s]



Inline Sensors

Casting ; BAM

N7Bzgs65 TM= 1400°C

»

Casting temperature
and “choreography”
- better homogeneity

IR camera




GlassDigital ; BAM
Digital infrastructure for accelerated glass development
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High-Throughput Analysis

Chemical composition v

PANanalytical Zetium Ultimate

XRF

< BAM

© Automated system at BAM 1.4

(10min for 5 elements = 60 samples a day)

® Boron analysis

- Combine with wet chemical B analysis
- Combine it with LIBS (start in 2025)

Composition [wt%]

? NlSBIOS74
é N15B3555(l
; NZSBZSSSO
N10B40550
‘E NZOBBOSSO
N16BIOS74
E N1sB1oS74

Na,O
B|A

16,17 | 15,56
14,59 | 14,34
24,62 | 24,74
9,67 | 11,14
19,58 | 16,48
16,17 | 15,59
16,17 | 14,88

B,03
B|A

11,35 | 10,50
38,25 | 39,20
27,65 | 25,96
43,45 | 43,27
32,98 | 31,42
11,35 | 10,94
11,35 | 10,71

sio,
B|A
72,48 | 73,8
47,16 | 46,3
47,73 | 49,2
46,88 | 45,5
47,44 | 52,0
72,48 | 73,1
72,48 | 74,2

~ 1.5 mol% accuracy
(including Am=0.05¢g
dosing station)

B Batch
A Analysis



High-Throughput Analysis
Glass transition temperature T, (v') ; BAM

mol% Na,O
2
—45
—7
— 9.5
—12
— 145
— 17
— 195
Na,O — 22
— 245
— 27
29.5
500¢ —32
——34.5
450+ ——37
© Autosampler for 30 & —— 395
samples £ 400r residual 1 . T
(series: 15x6h = 4 days) |_0350- ° glass phase ] 2
® No automated 200 . : T
data processing . T ] 400 600 800 :
0 10 20 30 40 50 Tin oC

X (Na,0O) in mol%



High-Throughput Analysis
Structural investigation (v')

A5~  FRIEDRICH-SCHILLER-
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805 B-3membered
boroxol rings [BOs]

SiO, 800 5Si-O-Si 930 vB-O [BO,]-

770 B-3membered 1060 v, Si-O-Si (Q4)
25 & 75 borate rings with [BO,]- / 1140vB-O-5i

470 mixed 1300-1600
50 v,85i-0-Si (MB) 5B-O [BO;]
50 /
75
25
Na,0 55 50 75 B2Os
© 1 min per sample
(© 30 min high resolution) Test example . - —
@ Data evaluation N, B4 Sy SR g 5550
time-consuming 0 500 1000 150 2000

Raman shift (cm™)



High-Throughput Analysis
Automated Raman data processing v

Inorm (B1UL)

Iyorm (A-UL)

INorm (a.u.)

BP Na,O (mol%)
45
7.0
—95
— 120
—— 145
17.0

50 100 150 200
Raman shift (cm™)

770 [BO,] "o

805 70

—95

[BO4I

750 800
Raman shift (cm™)
MB

470 mixed
v,0 Si-O-Siﬁ »

Na,O (mol%)
45

7.0
—95

Python script:

0.0014 4

0.0012 4

0.0010 4

0.0008 +

0.0006

0.0004 4

0.0002 4

0.0000 +

Data input (.txt files)
Spectra normalization
Band assignments W

Base line correction MW
Peak fits, COG examination
Feature extraction

—— original data 12
N;,BgyS,6 --- baseline: left(315 - 375), right(560 - 630)
original data 12 - baseline
——- center of gravity 473.345703

T T ' T
200 300 400 500 600 700

400 500 600
- Raman shift (cm™

. 5 ) RVERSHTAT
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80 BP .....
0L ®

_ ®
60 [ o®
sof ®@®
40T'.’..I....I....I....I....I....I.
6 805/770
4 K [BO3]/[BO,4]

o
®e

0_I 1 .I..I..I..I..I
510F T e
500  MB 470 mixed )

: AL ®
490_V,ESSIOSI ..
480 | 00®®
a0[0@ o @

5 10 15 20 25 30 35
Na,O (mol%)

© Data evaluation

< BAM

within seconds !



High-Throughput Analysis

Density (?)
Sio,
Pycnometry 25 /L
75
© Accuracy
© 10 min 50 50
® Fully manual 75
25
Na,O 55 59 75  B2Os
O?E 2-6'NXBT4-XS26
O | o000
o 2.4+ ..
£ o
222t o
g — OD N ® Py try
© 2.0¢ ' Soanner’
0 2.0 .; i g’ﬁv?anOOO

0 10 20 30 40 50
X (Na,O) in mol%

< BAM

3D Scanner
© Fast measurement (Scan 1min)
© Easy automatable

Less accurate for large samples

® Not yet automated data processing

» Money - capacity - accuracy



GlassDigital
Digital infrastructure for accelerated glass development
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Process Modelling
Digital twin ; BAM

Cracks
Crystallization

» Prediction of casting
& cooling parameters,
casting choreography

Strias Phase Bubbles
bad viscosity separation bad viscosity
bad cooling



Process Modelling

g FRIEDRICH-SCHILLER-
_ ) UNIVERSITAT ; BAM
Casting »

Volume Temperature Viscosity Fraction K In/Pas
Time=0 s Surface: Volume fraction of fluid 2 (1) Surface: T (degC) Surface: logl0(spf.mu) Annotation Annotation Annotation
200 ' | ' ' ' | | | | I A 1486 A 4.835
Crucible 150 | . . - 1
i i i i 1400
@ 5 cm \Q{‘ . I-lr-:ei?aﬁ%lr:r:\u;:rzl’c?ﬁe 1400 degree é.glgc?.uC)sV|sc05|ty Field 1 0.9 4
1200
\ 0.8 3
50 - \ | 0.7 1000 L] >
ok . 0.6
. / / o5 800 F 11
=or 1 0.4 600 1 °
-100 ‘ H . - 4 -1
F o 400
-150 | 4 4oz F 1 2
. . ® L ] 01 200 - 1 -3
200 COMSOL Multiphysics® -
-250 I I I I I I I I I I I v 0_ ° v -49.31 v -4_ h
-100 0 100 200 300 400 500 600 700 800 900  mm
Ni,Be,Sosn(T) 72
measured % 8 ] ] _
at OSIM, = 4 Viscosity predicted
Ty=1450°C 2 , or inline measured?

1000 1500
T K]



Process Modelling
Inline viscosity measurement

A9\ FRIEDRICH-SCHILLER-
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0.05'
Crucible shaking .04
Image series § 0.03 Curve similarity
cclecE ") 0'02 (CC function )
CCCEE - 002
Similarity to 1st 0.01
frame $=0...1 0.00+ | | ‘ 0.20] —
00 05 1,0 15 o
tins 3
| | | )
0008 r 0 — V?Sflo P?*s i
ohysics® i T V-0 Pars 0.15+ ———— 1 ——
COMSOL Multiphysics 0006- " Vie—ool pars 10 | 1 01 001 0001
2d-FEM: Viscosity in Pa s

Interface profile
similarity to flat
interface (CC — 0.002}

function [1]) 0.000
0.0

0.004

SInterface

Timeins



Process Modelling ; BAM
Inline viscosity measurement

1E13
1E11
1E9

1E7
© Robust and fast

100000 o . .
» inline viscosity
1000 measurement

10 1 Pas l
0.14p.1 pas? T

0.001

Viscosity (Pa s)

400 600 800 100012001400
Temperature (°C)

Temperature measured with Experimental viscosity data agree with their
IR camera modelled counterparts for this temperature



Process Modelling ; BAM

Cooling
XNa,O-(74-X)B,0,-26Si0,
080840 Priven 98 -
.. ..QOQOO _ Data
® psc O T, and dT/dt,, thermal
QQ © properties,... have to be
_39 _ - estimated from
0 20 40 literature, process
Na,O in mol% data, databases
460 — . . . . - or modelled
N1,Be2S06 + Ag ®
g) 440; o © Priven98 ]
= 9 © © ) ‘
5)420' 0} Q@ -
- g o
400! o ® o ° | Ontology based data space
DSC and efficient ML modelling

0 2 4 6 8 10
X Al,O4 in mol%



GlassDigital ; BAM
Digital infrastructure for accelerated glass development
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Data Space
Glass ontology

BFO

PMDco Core ontology

Analysis

Process

is
s _
@ P Material
ha

S
output

. is Quantity
IS subclass
subclass
Non-Tanc<farm. . Value
Transform. Manufacture
Analysis Process _—
has instance
Glass ontology
- Mol% Component
z.B. SiO,
RFDA TA Glass - g cm3
Raman i
DSC Dil DSC Component K
XRF .
Viscometry Pa
Pycnometry
Rot BB PP Pa
Raw- i
Material

has next process

(<23 UNIVERSITAT
&/ JENA

FRIEDRICH-SCHILLER-

< BAM

Glass ontology

Q

» © Compatibility to
other materials
and ontologies

® Permanent

adjustments



Data Space
Process pipeline

®SA <
Py
Glass data
[\
csv Wrapper Mapper
f‘
g @
RDF
JSON 'Json
canonical
.docx .xlsx
.Json
native

O.

CO®
® A <

Glass ontology

Build with

ﬁprotégé

Visualising
WebVOWL

.owl* .ttl

£ 9\ FRIEDRICH-SCHILLER-

(¢ £ ) UNIVERSITAT
& JJENA

< BAM

Glass- and Process design

PMD App GUI Queries
OntoDocker
Apache APl Data upload &
Jena  aedh delete & user
Fuseki Y authorization
SPARQL*

server



Data Space
Semantic knowledge database

< BAM

Input interface v1.0

e Balzer (2019)
Web-based GUI Data space > Bruns (2020)
@ Fuhrmann (2014)
‘ ~ I @ Januchta (2019)
400.000 glasses . Januchta (2019
( 8 O O N A B S e Krishnamurthy (2021)
. e Kumar (2019)
/GlasDigital ™~ [ Home > SciGlass [ ] SCI G I a SS L lebaCh (2015)
e e Park (2021)
ClGalass H
o
' .« Literature Pyrex
© Query Ul @ Mantindow | Pa te n tS @ Smedskjaer (2014)
Help o Smlth (2021)
Oxig 100 > To(2021)
/GlasDigital v @ Home > BAM BAM % ’ UNIVERSITAT . )
N S ; FUENA ° RO b0t| C me ItS \ ° Waurischk (2021)
} Measurement Data Input Interface v1.0 Y We|ter (2019)
| © Query success in 0.685 seconds. Choose Method -
@ si U Differential Scanning Calorimetry (DSC) v \] \Q ° Zheng (|2012) |
Al @ |ISC - GlasDigita
P @bk Material i Q 7 5 @ GlasDigital
W Oxide glass ] B 0
Yi  Filter Ocopy &L~ Composition Unit
Q e.g., 745i02-16Na20-10B203 (Wt v | @
g | J(Cwee
| ID Date Si02 (mol%) B203 (mol%) Na20 (mol%) Te
e search | searc h search search search < Atmosphere
St ( ® Synthetic air O Air ] ] O(b
1 118 2022-01-19T09:46:11.204000+0100 74 10 16 1 p— -
as flow ni
In 119 2022-01-24T09:40:25.230000+0100 74 10 16 1 ( J( ml/min @ %(\/ 2 5
G N .
Pl 120 2022-03-03T11:40:26.896000+0100 74 10 16 1( (Cruqble material g, Pt ] &
G
o 121 2022-03-03T12:05:30.738000+0100 74 10 16 1( Cover o (@)
©® Yes O No B 0 \
1 132 2022-03-29T11:37:17.593000+0200 74 10 16 1( [-T " unit ] ...... %
A emperature ni 22
Y 138 2022-04-12T10:26:20 86700040200 26 37 37 1 ( from to (opt.) ] ( °C @ @ @\1
A - - -
A 139 2022-04-12T10:38:09.602000+0200 26 a7 27 1 ( B 0~100 ]( U:;I:RH Iz Q
sl
S 1 e Linit v
a Showing 1 to 8 of 43 entries
| 0 9 ()

@ Graphs

N P Lo T
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Data Space
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Patent data extraction

 Ontology-based meta data, composition
and property data from PDF text and tables A

. . - /GlasDigital v [0 Home > Patent Extraction -
« User validation (extracted table vs. image)
L]
Patent Extraction Browse File or Patent URL a Wiirzburg server (dev) Demo PDF
@ Complete in 7.557 seconds.
=
f Glasbigitay .,
T P
* Pate, — i pa N
“m M P, At Extracy; o Q 1 of10 + Automatic Zoom 12 » 4N t S
\“m Us00903446  Fatent E’ftra.:ﬁon on g avigate e
Browse f
e s I
. ~OMplete in 7557 arent Ug able 2 o ble 4
t 10y Patent 'NPO‘-“““ secongs, 6 4o United States Metadaf Table2  Table3 Table 4
n < Date 0 Wiirzbyrg o 2 Patent Application Publication () Pub. No.: US 2020/0317558 A1
United States Pate = B2l sjun 19 server (dey) YUKI ot ol ) Pub Dare: et §, 2020
2 Refere =+ ‘159 — " A B
‘ ) COVERGLASS ’ owsmy
Murata -© 56 s % . e e o o 0.5 Gcim ) 1 Patent Number US20200317558A1
) . 1) Appst G O L1, Sl Gonon) .
QEDGLASS SU lk\““‘:::'\\\“ 2| » 4 s (2006.01) 2 | Patent Title ) COVER GLASS
P o NG ; ; .41, E
(54 {:y‘:“:‘“,m- PRODUCT N - T Navigate i N‘":m': G ot “ 3 | Applicant ) Nippon Electric Glass Co., Ltd., Shiga (JP)
sy (P OSODA. Shiga (9} """" - % r:n . B
or. Takasht Murt omu ( o e B PO el Bepad el 4 | Inventor ) Ken YUKI, Shiga (JP ) ; Tomonori ICHIMARU , Shiga (
), pON EL ECTRIC GLASS @ PeTRRE Bt o JP); Yohei
(73) Assigns T‘!:v...\‘hmn\“‘" s W) PN RCTIRIIRT “n AmTRACE 5 | Assignee
e oy sl e L ML e 6 |Date 2020-10-08
(vy Nowe:  SUIeended of S0 30 Forvn Appbeation Brieiy Data
P 154(b) by 0 &% s [ -
g 4 1o o temindl € Dec. 26,2007 (P 7248065
s patest 18 U u L i e i R A e
claianer = O e o A o
Cixame (oo i,
21y Appl. Ne- 1aes T ]
i Filed Feb.8,2002 . gé)
(@22) Fie R jon Data
prior ¥ “Mk.' '\‘— 2012 345 100
(65 oAl Jun 72 - - 0
s 2012014760 i - (et 0_(‘3 50 et
= 12 page (mol%) 3 &0
132 ga:s fmoisg; 005 70
14 s,—,g;’?ﬁm"\“‘} 20 % 0 -2 e
15 Ecc;‘Fe,éOsPPmHFeﬂr 20 g s0
165 Kic o (SP2) 203 ppm) .9 3
17 ¢ (3P M5 ) (MPy - s 0.0 o
7 ’;’ﬂfk (molsg) 2-mas) Na 0 *
Sistance (me o
19 (at)gy o) T013 o .
21 #1203 8o {molgg 1.0
e X (molsg; l N C »
L4 500 B0 13500




ST

ML-Modelling Glass Properties E9) TRy
Most efficient input parameters {descriptors}

{a} = {X.} = Mol% Glass {C} = Mol% constituent mineral phases
Atom% component (z.B. SiO,). p; of these phases in their glassy state
P = =Xp, P =ZCp;

{P(C)", ri*,u*, X;} = DFT calc crystal properties ﬂ
of corner compounds (@)
P = ML-modelling (GPR) @ earn ¢ PyTorch

N
N

{P(X;)} = MD simul glass properties
of virtual compositions X; (A=5 mol%)
{3} 2 ML-modelling (GPR, RF,...). leann © PyTorch

Density in gcm-3
N
N

Nt
o

[y
(09}

10 20 30 40
X (Na,0) in mol%

o

< BAM



Data space
Glass design tools

/GlasDigital O Home > Glass Prediction
Glass Prediction (Dev)
B3 InputUl  ¢/> Advanced

[GlasDigital ~ ~ [ Home > Glass Prediction

Glass Prediction (Dev)
B8 Input Ul ¢/> Advanced

M Madale Dranartiac

/GlasDigital v [ Home > Glass Prediction

ol Error Bars Plot | v Continuous Error Bars Plot

Property: | Density at 20°C (g/cm?)

(50-X) B203 - X Na20 - 50 Si02

74-X) B20:
@ Graphs ( )
1 28
i Error Bars Pl¢ X: 246 molf
26
BB Results —
E
L
B}
Show 10 rows 1 1 o 2
—— © Prediction s ]
5
1 2
i
g
a 22
@ Graphs 4
sl Error Bars Plot
2
—
0 10 20 20

X Na20 (mol%)

— svM
— NN
——RF
—GPR

A experimental

@ simulations
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Conferences, Workshops, Fairs

2022

07: ICG, Berlin: Talk (M. Kilo), Poster (T. Waurischk)

09: Achema Frankfurt: Talk (M. Sierka)

09: MSE, Darmstadt: Talk (Y. Chen), Poster (T. Waurischk)

11: MatFo, Kdln: Invited talk (R. Miuller)

11: Uni Erlangen: Talk (A. Diegeler)

12: UNO IYOG2022, Tokyo, Closing ceremony: Invited talk (L. Wondraczek)

2023

04: OntoCommons Workshop, Berlin: Talk (P. Portella)

05: DGG-USTYV, Orleans: Talks (R. Mdller (invited), M. Sierka, H. Bornhoft, M. Kilo)

06: GOMD, New Orleans: Invited talk (A. Diegeler)

09: HVG-DGG FA I, Jena: Invited talk (R. Mduller)

10: Uni Waterloo, Canada: Talk (A. Diegeler)

11: Istanbul: Sisecam Conf.: Talk (M. Kilo)

11: HVG-DGG Fortbildungskurs, Offenbach: Lectures (R. Mduller, M. Kilo, M. Sierka, H. Bornhoft)
12: SIPS Conf, Panama: Talk (A. Diegeler)

2024

04: Analytica, Midnchen: Talk (M. Kilo)

05: GTT, Aachen: Talks (T. Waurischk (invited), H. Bornho6ft, F. Arendt)

06: Symposium Glasapparatebauer, Mitterteich: Invited talk (T. Waurischk)
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Visibility
Paper

Pan, Dellith, Wondraczek: Genome Mining in Glass Chemistry
Using Linear Component Analysis of Ion Conductivity Data,
Adv. Sci. (2023) DOI: 10.1002/advs.202301435

Arendt, Limbach, Wondraczek, Sierka: Enhancing glass
property predictions through ab initio-derived descriptors,
JACS (2024) DOI: 10.1111/jace.19904

Gogula, Bornhdoft, Wondraczek, Sierka, Diegeler, Miiller,
Deubener: Optical Real-Time Castability Evaluation for High-
Throughput Glass Melting,

Glass Europe (2024) DOI: 10.52825/glass-europe.v2i.1359

Chen Arendt Bornhdoft Camargo Deubener Diegeler Gogula
Contreras-Jaimes Kempf Kilo Limbach Miuller Niebergall Pan

Puppe Reinsch Schottner Stier Waurischk Wondraczek Sierka:

Ontology-based digital infrastructure for data-driven glass
development, AEM (under review)

Diegeler Kilo Contreras-Jaimes Waurischk Reinsch Mdller:
Digital material data-based glass screening for the
systematic development of new glasses, Flogen Proceedings

(under review)
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O Bayerlein et al.: A Unified Concept for
a Materials Data Space - Insights from
the MaterialDigital Initiative, AEM
(under review)

O Schaarschmidt et al.: Scientific
Workflows within the Initiative
MaterialDigita, AEM (under review)

QO 4 others in preparation

QO https://github.com/materialdigital/
glasdigital-ontology

Q https://git.material-digital.de/ya-
fanchen/fast-ontodocker
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