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Wire arc directed energy deposition – DED-GMA

Schematic of DED-GMA setup

Important process variable 

▪ Wire feed rate WFR

▪ Printing travel speed PTS

▪ Torch Scanning strategy

▪ Hatch spacing and layer height

▪ Wire diameter

▪ Shielding gas

Automatic 

generation of 

deposition path 

(CAD-to-Print)

Printed 
feature

Involves the melting and solidification of droplets from a continuously fed filler 

wire at a high deposition rate along overlapped tracks and successive layers to 

fabricate 3D metallic parts

Extruded part, 
motor housing

▪ Defects: Dimensional inconsistency, 
heat accumulation along the build, 
melt pool asymmetry, lack-of-fusion 
voids, surface unevenness

▪ Accurate integrated real-time 
monitoring framework for 
quantitative insight on the evolution 
of the deposition profile

Overall objectives
1. Deep learning network for melt pool centreline 

identification and cooling time
2. Development of an integrated methodology for real-

time monitoring of key process characteristics in multi-
layer and multi-track DED-Arc

3. Out-of-position DED-Arc

Current challenges

mailto:Goecke@TH-Brandenburg.de


goecke@TH-Brandenburg.de

goecke@TH-Brandenburg.de, prashant-kumar.chaurasia@hv.se WAAMathon 2026, 11.06.2026, Berlin, Germany 3

Smart Joining Lab @ THB
Open Real Lab for Metal 3D-Printing and Welding

Fanuc ArcMate Robot
Yaskawa Motoman Robot

ISEL 4-Axis CNC-
Coordinate Machine

Hexagon 3D-Measuring Arm

Robots and CNC cells3DMP-Printer 
Gefertec
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Objective and Approach

Approach

Part 1 Data Preparation/Processing in real-time 
▪ Data acquisition with several sensors and real-time processing 
▪ Developing an algorithm for locating the weld seam geometry characteristics 
▪ Developing Deep Learning network for automatic and transient detection of the weld pool edge and the weld center line

1. Labelling each image of the data set
2. Splitting a large number of images into 60 % for training, 20 % for validation and 20 % for testing
3. Training Network to recognise characteristics in real printing operation

Part 2 Image Processing
▪ Identification of the transient local temperature development via the in Part 1 identified weld pool edge and weld center line
▪ Synchronising with the robot tracking path 
▪ Transfer to Beckhoff Automation 

Part 3 Determining the transient cooling times
▪ Identification of the local upper temperature tupper

▪ Identification of the corresponding lower temperature tlower

▪ Realisation of the Feedback Control of the cooling time

Objective
Image Processing using Deep Learning for Heat Input Control in Arc Processes such as in Wire Arc Additive Manufacturing
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Image sources: EWM, Mikrotron High-Speed Visible Solutions, IMS Chips, OceanOptics, Coletrax, RAMFLICS Hindalco

Welding power
source

Robot 

Adaptively controlled
Welding/3D Printing

Work piece

Universal Adaptive 3D Printing System Kit
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Real-time 
data processing

Data processing
Filtering, processing and 
transfer the sensor data

Sensors

Laser camera
Thermal camera

Spectrometry sensor
HS film camera …

Controlling
Real-time control of the 

adaptive welding/printing

Look-up table or
Algorithm and

(WFR,PTS, y …) = f (tcool)

Deep Learning
Feature recognition and 

transient image processing

AM
cell 

Robot controller

Welding power source

Path planning
Offset y

Printing Travel speed PTS

Wire Feed time WFR 
Current/voltage waveforms
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Real-time monitoring of surface temperature fields

S2 scanning strategy

Mono-colour IR camera Optris PI1M

Two-colour quotient camera IMS PyroCAM

S1

S2

Note
Proper emissivity calibration of Mono-Colour thermal cameras is needed 

for the accurate estimation of surface temperature distribution, but tricky
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I - Deep Learning approach

Goal:
using pretrained network for detection of 
key features in thermal images of welding

Key features:
− Melt pool boundary
− Melt pool with Centreline

Using the advantages of Deep Learning
for detection of key features in the 
thermal images under rough conditions 
such as intensive arc light emission, 
spatter, smoke and fumes

Background

Centreline

Melt pool boundary
5 mm

Torch

Melt pool

Grayscale thermal image Features

Convolutional neural network
CNNs are among the most effective models for image classification

Deposition direction

Thermal
camera

Principal setup

Wire feeder

Substrate

Torch

WFR = 6 m/min, TS = 6 mm/s

Optris PI 1M
CMOS
IR Camera

− Thermal camera mounted to torch
− Monitoring the melt pool from above
− Temperature range 450 – 1800 °C

− Wavelength 0.85 – 1.1 µm 
− Framerate 30 Hz

Field of view

Thermal false colour image

Part formation
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Principle of temperature locating:

Sliding determination of the temperature 
drop at the same local point

- Automatic determination of the 
weld seam center column-by-column 

- Finding the local position of Tupper

- Monitoring this point cooling during 
the process and the temperature field 
movement @ given WTS

- Finding the location ofTlower with the
1. the corresponding image 
2. the matching column in this image

 The monitored local point position of 
Tupper and Tlower on the weld is the same

 Tricky, but physically correct 

1200 °C

1500 °C

WTS

Doc. XII-2425 -19 /212-1593-19 /IV-1421-19 /I-1395-19/

Monitoring same point by sliding frame
first approach 2019

https://doi.org/10.1080/13621718.2023.2168933
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Class 01:
Melt pool
boundary

Class 02:
Centerline

Class 03:
Background

Class 01: 0.0026
Class 02: 6.26 e-04
Class 03: 0.99

Labels semantic segmentation
Pixel classification

Class 01: 0.0068
Class 02: 6.15 e-04
Class 03: 0.9236

Class Weight 01: 1
Class Weight 02: 4.25054
Class Weight 03: 0.0027

Issue of class imbalance – Labelling 

Class weight =
𝑚𝑒𝑑𝑖𝑎𝑛(𝑖𝑚𝑎𝑔𝑒 𝐹𝑟𝑒𝑞)

𝑖𝑚𝑎𝑔𝑒 𝐹𝑟𝑒𝑞 

Colour proportion (Image Freq)

Pixel classification layer

Crop
and 

Resize

Features:

Improve feature prediction
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Part 2: Image Processing
Deep Learning

IMS HDRC-PyroCam
2-color quotient
Pyrometer camera

Optris PI 1M
CMOS
IR Camera

Optris PI 450
CMOS
IR Camera

Xenics Bobcat64
InGas
IR Camera

Basler ace 2
CMOS
Camera

Camera

Identification
of weld pool features

by Deep Learning

Controlling system

Image source: IMS Chips, Optris, Baslerweb, Xenics 

ResNet50ResNet18Grayscale

….InfraTec Vario CAM HD head 900
Microbolometer 7.5 µm – 14.0 µm, 
Resolution: 1024 x 768
Mode: 250 °C – 1200 °C
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Optris PI 1M
CMOS
IR Camera

Advancement against previous approach

2. Deep Learning
Real-time fast 

responsive 
approach for the 
detection of the 

weld pool edge and 
centerline

3. Cooling time
Determining the 
cooling time by 

identifying of the 
specific 

temperature values 
along centerline

1. Training
ResNet50 trained 

with 12000 Images 
recorded from 

different 
experimental set-up 
and wire materials

Tup  1450 °C
Tlow 1000 °C
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ResNet50
− Convolutional neural network
− 50 layer deep
− Pretrained for image classi-

fication with > 1 mio images

Deep Learning approach

Prediction of key features by Deep learning model

Input

Output

Hidden
layers

Grayscale thermal image

Grayscale thermal 
image with 
prediction

− melt pool boundary (green)
− deposition centreline (yellow)

Torch Gas nozzle

Melt pool boundary

Melt pool

Centreline

5 mm

Prediction by ResNet50 Result in the video

WFR = 6 m/min, TS = 6 mm/s
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Torch

Centreline

Monitored Point
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500 100 150 200 250

Pixel

(2)

Location B = 5.5 mm
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C

Location C = 8.0 mm
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D
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500 100 150 200 250

Pixel

(5)

E

Location D = 12.8 mm

500 100 150 200 250

Pixel

(6)

F

Location E = 15.4 mm

G
ra

y
sc

a
le

th
e
rm

a
l 
im

a
g
e

Te
m

p
e
ra

tu
re

 p
ro

fi
le

a
lo

n
g
 c

e
n
tr

e
lin

e

Image sequence of the temperature drop along the centreline of the deposit

WFR = 6 m/min, TS = 6 mm/s

Real-time monitoring of Temperature

1. CNN Model predict top pass centreline in thermal image
2. Temperature profile along centreline is extracted
3. Calculation of point speed in thermal image => WTS and Image scale
4. Point is monitored in thermal image
5. Point is monitored in temperature data

Gottschalk GF, Chaurasia PK, 

Goecke SF. Zero-defect Printing with 

DED-GMA via Adaptive Controls. In 

International Conference on Flow 

Dynamics 2025 (pp. 1332-1335).
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Detecting the transient cooling times
Transfer to Beckhoff Automation and Yaskawa Robot

Tracking the robot path

Sliding determination 
of the temperature drop 
at the same local point

as moving set of 

the Upper and Lower temp.
for transient cooling time 
along the whole path
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Program features
− Development of user interface
− Interface to robot controller
− Interface to camera system
− Deep Learning network
− Processing temperature and image data
− Adjustable algorithms
− Temperature data visualisation
− Processed data visualisation
− Estimation of cooling time with 

variable Printing Travel Speed PTS
− Data recording

Program – Feedback Control GUI based on Matlab
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Shielding gas: 18 % CO2 + Ar
Wire: G4Si1, 1.2 mm
PTS = 6 mm/s
WFR = 6 m/min
Camera frequency = 10 Hz

Program – Visulisation of the monitoring results
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Integrated DED-Arc/M

Detection of errors with 
machine learning @ IPK

PC

Images sources: EWM, Beckhoff, Yaskawa, Matlab, Optris

Read variables and register

Arc start/stop Arc start/stop

WFRWFR

Arc signal

TCP Speed

PTS
override WFR

DOI

Write and 
read 
TwinCat
variables 

Variables
link to DOI

DOI
DOI

Variables

PTS
override

WFR

Override
Printing Travel Speed PTS

𝒏𝑶𝒗𝒆𝒓𝒓𝒊𝒅𝒆 ∙ 𝒗𝑹𝒐𝒃𝒐𝒕

Control value 8 bit unit
0: 100 % speed
1 … 99 % slower speed
100: 100 % speed
101 … 255 % increase speed

Wire Feed Rate WFR
Control value 16 bit unit
0 … 65535 scaled between 
lower and upper wire feed 
limit of the welding source
0 = min wire feed rate
65535 = max wire feed rate

Beckhoff IPC
with TwinCat

Yaskawa 
Robot Controller

Welding
power source

Process Signals:
Current

&
Voltage

Stop welding process
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II: Set-up & synchronized monitoring framework

Process signature Monitoring instrument Sampling rate (Hz)

Current Hall effect probe 106

Voltage Oscilloscope 106

Melt pool profile High speed camera 103

Surface temperature Thermal camera 10
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Monitoring: VI transients and dynamic metal transfer

Melt pool monitoring through high-speed camera

Fig. Calibration image Fig. Sample melt pool image

Video: Metal transfer with wire retraction

Arcing phase start

Fig. Detection of melt pool boundary

Intense current 
pulse

Short-circuiting 
phase start

Enabling pinching 
and detachment 
(wire retraction)

WFR = 6 m/min

I
IV

III

II
V

Smooth reduction in 
arc power
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Multi-layer DED-Arc/M

TC MC-1Process conditions:

Fig. Longitudinal view of the melt pool 

S1 S2 S3

WFR (m/min) 3 6 6

PTS (mm/s) 4 4 6

HI (J/mm) 349 691 461

Thermal cycle Cooling rate

TC vs. MC – Error in TPeak (±10%) 
and melt pool size (±3 mm)

Heat input increases

Melt pool dimensions 

Heat accumulation

Cooling time

Interpass cooling time

Temperature gradient

Solidification CR

Hardness

Increase Decrease

Melt pool width vs. solidified wall width –
less than 1.5 mm

https://doi.org/10.1080/13621718.2022.2080447
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Influence of scanning strategy

Unidirectional Bidirectional

Inclined melt pool

Higher melt pool length

Higher heat accumulation

Lower temperature gradient

Ө1 (from HS image) 15.91 (±0.25)O

Ө2 (from wall) 16.05 (±0.25)O
Validation

The bidirectional scanning yielded a more consistent dimension 
and microhardness through the multi-layer wall deposits in 

comparison to unidirectional scanning for GMA-DED.

Unidirectional 
deposition

https://doi.org/10.1007/s40194-023-01534-2
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Melt pool asymmetry

For a given heat input, an increase in the hatch spacing during multi-track GMA-DED reduces the melt pool 
size and overlap between the adjacent tracks which reduces the melt pool asymmetry subsequently. 

Increase in

Factors Hatch Spacing Track numbers

Melt pool 
deviations

Decrease
Increase and 

attains plateau

Melt pool size Decrease Increase

Surface 
unevenness

Decrease and 
then increase

Constant

WFR = 6 m/min
PTS = 4 mm/s

w = first track width, δ = hatch spacing

https://doi.org/10.1080/13621718.2023.2168933
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III: Out-of-position DED-Arc/M

(4) Photron Nova S16

(1) Mikrotron Motion Blitz

(3) HDRC-Q-Pyrocam

(5) InfaTec VarioCAM head 900

GMA Torch

(6) Light source

Positioner

Baseplate

(2) Optris PI1M

Schematic of DED-GMA on an 
inclined baseplate

▪ Requirement of precise control on filler wire
deposition to maintain the structural
integrity and dimensional consistency

▪ Unstable metal transfer due to gravitational
force

▪ Potential defects: lack-of-fusion, porosity
and surface unevenness

Limitations / challenges
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Real-time Monitoring Framework

Accurate and fast responsive real-time synchronous 
monitoring of critical process signatures is used for 

the out-of-position DED-GMA

Baseplate

Torch

Wire feeder

Power 
source

Data
Acquisition

Robot

+

-

Current and voltage 
monitoring

Data
Acquisition

(2)
(3)

(4)

(5)

(6)

2-axis-
positioner
Tilt and 

turning table

Deposit

(1)

Process features Number Monitoring instrument
Sampling 
rate in Hz

Current - Hall effect sensor 1000

Voltage - Oscilloscope probe 1000

Melt pool longitudinal 
section

4 & 6
High-speed camera with 

backlight
16000

1 High-speed camera 4000

Surface temperature 
top view

2
Two-colour quotient 

camera
30

3
Mono-colour infrared 

thermal camera
30

Surface temperature 
longitudinal view

5
Mono-colour infrared 

thermal camera 
(InfraTec)

10

https://doi.org/10.1007/s40194-025-02291-0
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Experimental Details

Different scanning strategies and CAD-to-Print virtual simulation of 
generated deposition path

Different baseplate inclination

Positioner 
angle α

Torch angle 
β = α

Scanning 
Strategy

Wire diam. 
in mm

WFR in
m/min

PTS in
mm/s

CTWD
dC in mm

Dwell 
time in s

Hatch spacing 
δ in mm

Layer height 
λ in mm

Steel ER70S-6 deposits

30°, 60° 30°, 60° S1, S2, S3 1.2 6.3 13.33 10 60 1.80 2.29

Aluminium AA5356 deposits 

30°, 60° 30°, 60° S1, S2, S3 1.0 10 30 15 60 3.33 1.50

α = 30°

Baseplate

Printed 
part

dc

α = 60°

Dimension of target rectangular block

Length x width x height = 100 mm x 20 mm x 30 mm
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VI measurements

Real-time monitored arc current, voltage and power transients

IAV =
σi=0

t (Iiti)

σi=0
t (ti)

tA: Arcing time
tS: Short-circuiting time

Material
WFR in 
m/min

PTS in 
mm/s

IAV

in A
VAV

in V
PAV 

in kW
E in 

kJ/mm

(a) Steel 6.3 13.33 146 10.9 2.14 0.16

(b) Aluminium 10,0 30,0 112 20,0 1.9 0.06

Methodology for the estimation of average current, 
voltage, power and energy input per unit length

VAV =
σi=0

t (Viti)

σi=0
t (ti)

PAV =
σi=0

t (ViIiti)

σi=0
t (ti)

E =
PAV

PTS

https://doi.org/10.1007/s40194-025-02291-0
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Real-time monitoring of metal transfer

Temporal significant metal transfer event

Video: Visualization of dynamic 
metal transfer

(a) Arcing phase start with bright arc

(b) Intense current pulse

(c) Short-circuiting 

(d) Enabling pinching and detachment via wire retraction

(e) Smooth detachment of filler wire from poolCondition: downhill deposition with α = 60°

https://doi.org/10.1007/s40194-025-02291-0
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Evolution of melt pool during out-of-position DED-GMA

Longitudinal view of melt pool for scanning direction

• For a certain baseplate inclination, dL(Downhill) < dL(Uphill)  

• Reason is a greater flow of molten metal in the trailing 
direction during the uphill deposition under gravitational 
force

Average melt pool length dL in mm

Figure α Scanning direction dL

(a) 60° Downhill 7.2 ±0.2

(b) 60° Uphill 9.6 ±0.4

(c) 30° Downhill 8.8 ±0.3

(d) 30° Uphill 9.7 ±0.5α
=

 6
0

°
α

=
 3

0
°

A greater melt pool stability is likely to result in an improved 

dimensional consistency

https://doi.org/10.1007/s40194-025-02291-0
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Summary and conclusion

• Arc, Laser and Laser-GMA-Hybrid welding but also GMA Additive Manufacturing, require active control of heat input, filler
alloy deposition and temperature field on the sheet surface and the printed layer, respectively.

• For future robust “zero-defect manufacturing” in automated processes, the challenge is to enhance the part properties
via a multiparametric adaptive welding process sensing, monitoring and control using sophisticated sensors and analysis
approaches.

• To guarantee adequate printed part properties, sensor integration is required to achieve accurate in-situ and real-time
sensing of the accurate temperature field measurement to determine:

• real transient cooling times along the actual layer path

• to provide and guarantee the optimum heat input

processed by inexpensive thermo-camera sensors combined with smart analysis data preparation and processing
designed for industrial production.

• An appropriate selection of the WFR and associated fast responsive current and voltage transients, PTS and scanning
strategy is vital to minimize the dimensional inconsistency and reduce surface unevenness during DED-Arc. The influence
of process parameters on melt pool profile, surface temperature distribution, thermal cycle, and cooling rate has been
studied.
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