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Abstract
Directed Energy Deposition (DED) is a powerful metal additive manufacturing process, yet it frequently suffers from 
heat accumulation and unstable thermal cycles that lead to geometric distortion, excessive penetration, and heterogeneous 
microstructures. To address these limitations and avoid the restricted control of commercial systems, this study presents A 
Low-cost, Open-source Hardware Architecture for DED, referred to as ALOHA-DED. The platform provides full access 
to hardware signals and real-time actuation, enabling advanced sensing and adaptive control capabilities that are not 
feasible on proprietary machines. A non-contact off-axis pyrometer was integrated for continuous melt pool temperature 
monitoring, and a Proportional–Integral–Derivative controller implemented on Digital Signal Processor-based controller 
that leverages a Field-Programmable Gate Array for high-speed hardware acceleration. Experiments using stainless steel 
316 L powder demonstrated that the closed-loop thermal control effectively suppresses thermal runaway. During thin-wall 
fabrication, open-loop deposition exhibited a thermal drift greater than 300 °C, whereas the closed-loop system maintained 
a stable melt pool temperature of 1800 °C by automatically reducing laser power by approximately 40%. This resulted in 
a controlled conduction-mode melt pool, refined grain structure, and a 20–30% increase in micro-hardness. These find-
ings confirm that pyrometry-based closed-loop thermal control substantially improves thermal stability and build quality 
in DED processes.

Keywords  Directed energy deposition · Closed loop control · In-situ monitoring · Melt pool temperature · Mechanical 
properties
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1  Introduction

Directed Energy Deposition (DED) is widely used for man-
ufacturing and repairing high-value metallic components 
[1]; however, its process stability remains strongly limited 
by rapid thermal transients, repeated reheating, and geom-
etry-dependent heat flow [2, 3]. These effects lead to sub-
stantial fluctuations in melt-pool temperature, which in turn 
influence penetration mode, dilution, microstructure evolu-
tion, and dimensional fidelity [4, 5]. Numerous works have 
identified thermal instability and heat accumulation as pri-
mary barriers to achieving consistent, repeatable quality in 
DED builds [4, 6]. Because melt-pool temperature directly 
governs solidification dynamics, researchers have empha-
sized the need for real-time temperature regulation to ensure 
stable processing conditions [7, 8].
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Several approaches have been explored to monitor, regu-
late, and utilize melt pool behavior in Directed Energy Depo-
sition. Early and ongoing studies have primarily focused on 
direct melt pool temperature control using feedback strate-
gies such as predictive control with dual color pyrometry [9, 
10] and rule based, model based, or feed-forward feedback 
controllers to improve robustness under dynamic thermal 
conditions [11, 12]. A wide range of sensing modalities, 
including pyrometers, infrared cameras [13], and hyper-
spectral systems, have been employed to capture melt pool 
temperature fields, thermal gradients, and transient distur-
bances during deposition [8, 14]. More recently, data driven 
and machine learning approaches have been introduced to 
model complex nonlinear relationships between process 
parameters and deposition outcomes such as bead geometry 
and shape, even under limited experimental data conditions 
[15]. These works collectively demonstrate the importance 
of high-bandwidth thermal feedback and adaptive power 
modulation for achieving stable process behavior. While 
these studies have established the importance of thermal 
monitoring and control, prior work varies widely in scope, 
capability, and limitations. A more detailed examination of 
these research efforts further highlights the gaps addressed 
in the present study.

Early research efforts demonstrated the feasibility of 
regulating melt-pool temperature in laser-based deposition 
yet offered limited insight into resulting material properties. 
Song and Mazumder [9] developed one of the first closed-
loop temperature controllers using a dual-color pyrometer 
and model-predictive control to stabilize melt-pool temper-
ature during laser cladding; however, the evaluation focused 
solely on thermal tracking and geometric compensation, 
without examining microstructural evolution or hardness 
changes. Similarly, classical height-regulation studies such 
as Tang and Landers [16] employed optical sensing and 
iterative learning algorithms to maintain layer height but 
did not attempt to control melt-pool temperature or relate 
process stabilization to material quality. These early works 
highlight foundational progress in thermal or geometric 
control, yet leave unresolved how real-time temperature 
regulation influences microstructure, mechanical consis-
tency, and defect formation in DED.

More recent studies have advanced melt-pool tempera-
ture control architectures but continued to emphasize con-
trol performance rather than material properties. Liao et al. 
[12] proposed a simulation-guided feedforward–feedback 
framework that improved temperature tracking accuracy, 
yet the work did not investigate how thermal regulation 
affects grain morphology, porosity, or hardness. Likewise, 
high-speed sensing and (Field-Programmable Gate Array 
(FPGA)-based implementations introduced by Sanchez-
Medina et al. [17] demonstrated real-time temperature 

estimation using hyperspectral imaging and evaluated con-
troller-gain effects on melt-pool dimensions, but offered no 
microstructural or mechanical characterization. Studies on 
thermal-history estimation such as Nair et al. [8] and hyper-
spectral thermal analysis by Sanchez-Medina et al. [18] 
focused on sensing improvements rather than closed-loop 
material-property control. Thus, despite technical sophisti-
cation, these works did not establish how temperature stabil-
ity translates into microstructural uniformity or mechanical 
improvements.

Among previous studies, Smoqi et al. [11] most closely 
examined the connection between thermal control and 
material response by demonstrating that closed-loop power 
modulation can reduce porosity variation and promote 
more consistent dendritic microstructure in 316 L stainless 
steel. However, their system operated at a low sampling 
frequency and was implemented on a closed, commercial 
machine, limiting control bandwidth, responsiveness, and 
the ability to explore thermal transients in complex geome-
tries. Furthermore, the study did not systematically evaluate 
spatial hardness variation or correlate temperature stability 
with solidification behavior. These limitations underscore a 
broader gap in understanding how high-bandwidth, open-
architecture temperature control influences melt-pool stabil-
ity, microstructural uniformity, and mechanical properties 
across both simple and complex deposition paths.

Despite this progress, significant limitations remain unin-
vestigated as needed. Most prior research relies on com-
mercial DED machines, which typically operate as closed, 
proprietary systems. These platforms restrict user access to 
internal control logic, sensing channels, real-time actuation 
pathways, and laser-power command interfaces, making 
it difficult to implement or test custom high-speed control 
strategies. Reviews consistently highlight that such “black-
box” architectures hinder scientific exploration of advanced 
controllers, multi-sensor fusion, and physics-informed reg-
ulation [4, 5]. Furthermore, the cost of industrial monitoring 
and control hardware coaxial sensors, high-speed control-
lers, and multi-modal sensing packages poses an additional 
barrier for many research laboratories. There remains a 
clear need for affordable, open, and fully accessible plat-
forms that allow real-time experimentation with melt-pool 
control algorithms.

To address this gap, the present work develops ALOHA-
DED, a low-cost and fully open-architecture laser DED plat-
form that provides unrestricted access to all hardware and 
sensing interfaces. Building on this transparent architecture, 
a pyrometry-based closed-loop temperature control sys-
tem is implemented using a high-bandwidth FPGA/Digital 
Signal Processor (DSP) controller capable of sub-millisec-
ond laser-power modulation. Using this system, the study 
evaluates how closed-loop thermal stabilization influences 
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deposition behavior across single-line and thin-wall builds, 
and further examines how improved temperature stability 
affects homogeneity in microstructure and microhardness 
compared with open-loop processing.

2  ALOHA-DED System Development

2.1  System Overview and Hardware Architecture

The ALOHA-DED platform shown in Fig. 1 was designed 
as a fully open research-oriented DED system with com-
plete access to sensing, actuation, and control signals. The 
system integrates four major subsystems: a fiber-laser heat 
source, a three-axis positioning stage, a coaxial powder-
feeding system, and a high-speed controller. A 1.5 kW con-
tinuous-wave fiber laser (RFL-C020H-CE; Raycus, China) 

delivers energy through a 100 μm fiber through an optical 
head, producing a nominal 1.2  mm spot size at a 19  mm 
standoff distance.

Material delivery is provided through a single hopper 
powder feeder shown in Fig.  2, which delivers a stable 
and controllable mass flow of SS316L powder. The feeder 
exhibits linearity between dial setting and mass flow, veri-
fied experimentally through calibration, ensuring repro-
ducibility across trials. Powder is transported using argon 
carrier gas and injected into the melt pool through a discrete 
three-jet coaxial delivery. Shielding gas is incorporated to 
prevent oxidation during deposition.

2.2  Control System Architecture

The core of the ALOHA-DED control system is a Dyno-
motion KFLOP board (KFLOP; Dynomotion, USA) shown 
in Fig. 3A, which integrates FPGA-level timing with DSP-
based computation to provide deterministic, microsecond-
resolution coordination of all process subsystems. The 
overall signal flow and connectivity between these system 
components are schematically illustrated in Fig. 3B. Unlike 
PC-based controllers that suffer from software jitter and non-
deterministic scheduling, the KFLOP executes all motion, 
sensing, and actuation routines internally through low-level 
C code. This architecture enables custom interrupt routines, 
high-frequency control loops, and precise synchronization 
between the scanning motion, pyrometer acquisition, and 
laser-power modulation capabilities essential for investi-
gating closed-loop thermal regulation in rapidly changing 
melt-pool conditions.

Complementing the KFLOP is the KANALOG interface 
module, which provides the analog and digital pathways 

Fig. 2  Powder feeder, single hopper and argon gas in the ALOHA DED 
system

 

Fig. 1  ALOHA DED, a customized DED system as a lab version. Every component is designed and installed in-house
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required for driving the laser, powder feeder, shielding-gas 
valves, and external sensors. Its high-resolution Digital-
to-Analog Converter (DAC) generate the 0–10  V analog 
command signal for continuous laser-power control, while 
dedicated relays enable energy modulation when needed. 
Digital Input/Output (I/O) lines control powder-feed 

triggering and gas flow, and the KSTEP (KSTEP; Dynomo-
tion, USA) driver receives synchronized step-and-direction 
signals for precise XYZ motion. Because all actuation 
channels are hardware-timed through the KFLOP–KANA-
LOG (KANALOG; Dynomotion, USA) pair, the system 
maintains precise alignment between process commands 

Fig. 3  (A) Physical Implementation of ALOHA DED power and control panel, (B) schematic of ALOHA DED system signal flow
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and physical responses, even under fast thermal or geo-
metric transients. Also, the KFLOP and KANALOG form 
a fully accessible, high-bandwidth control backbone that 
distinguishes ALOHA-DED from closed commercial plat-
forms. Every sensor input and actuator output is available 
to the user in real time, enabling direct implementation of 
advanced process-control strategies such as pyrometry-
driven Proportional–Integral–Derivative (PID), multi-sen-
sor fusion, or geometry-aware overrides. The determinism 
of the control hardware ensures that sensor readings, tool-
path execution, and laser-power updates remain tightly syn-
chronized at sub-millisecond scales, establishing a reliable 
foundation for adaptive melt-pool management and high-
fidelity thermal stabilization during DED.

2.3  Real-Time Monitoring Subsystem

A single-color pyrometer (SWIFT 350 FO PL; AST, Israel) 
is integrated into the ALOHA-DED platform to provide 
continuous, high-frequency melt-pool temperature mea-
surement essential for closed-loop thermal control. The sen-
sor is mounted off-axis, and its optical path is configured 
to achieve a ~ 0.5  mm measurement spot fully within the 
melt-pool region. Although single-color pyrometry requires 
a fixed emissivity assumption (0.14 used in this work), its 
simplicity and responsiveness make it highly compatible 
with the open hardware architecture. The analog voltage 
output is sampled by a dedicated KFLOP thread, where it is 
converted into calibrated temperature data in real time, sup-
plying the controller with the continuous thermal signature 
necessary for fast, stable PID-based power modulation.

2.4  Toolpath Generation and Process Programming

A custom C# language based toolpath generator was 
developed to create fully programmable trajectories using 
parametric definitions of hatch spacing, layer height, 
scan direction, and inter-layer transitions. Instead of rely-
ing on external slicing software, the generator constructs 
toolpaths directly from user-defined geometric rules and 
embeds all laser, motion, and powder-feed commands into 
machine-ready instructions. This approach ensures consis-
tent standoff control and stable energy input across varying 
build geometries, while also enabling precise experimental 
manipulation of deposition patterns.

During fabrication, the KFLOP controller interprets and 
executes the toolpath in real time, synchronizing motion 
with laser-power modulation and powder-flow activation. 
Because sensing and actuation are tightly integrated, the 
controller can modify laser power, adjust timing, or apply 
motion corrections based on instantaneous feedback from 
the pyrometer. Robust error-handling routines continuously 
verify command integrity, communication status, and sub-
system readiness, ensuring reliable execution even when 
adaptive overrides occur at high frequency. Together, this 
framework enables toolpaths that are not only predefined 
but also dynamically responsive to thermal condition during 
deposition.

Table 1  Chemical compositions SS316L powder
Fe
(wt%)

Cr
(wt%)

Ni
(wt%)

Mo
(wt%)

Mn
(wt%)

Si
(wt%)

P (wt%) S (wt%) C
(wt%)

Bal. 16.00–18.00 12.00–15.00 2.00–3.00 2.00 max 1.00 max 0.045 max 0.030 max 0.030 max

Table 2  Particle size of SS316L powder
Particle size
(50–150 μm)

D10 (µm) D50 (µm) D90 (µm)

45–60 70–95 120–155

Table 3  Closed-Loop Single line laser scanning parameters
Test No. Temperature Setpoint 

(℃)
Scan Speed (mm/min) Average Laser 

Power (W)
Average Temperature
(℃)

Standard Deviation
(℃)

Steady-
state 
error
(℃)

1 1400 900 647.1 1400.01 45.3 0.01
2 1600 900 804.8 1599.6 61.7 0.4
3 1800 900 995.5 1800.4 88.3 0.4
4 2000 900 1204.8 1999.5 123.2 0.5

Table 4  Open-Loop Single line laser scanning parameters
Test 
No.

Laser 
Power 
(W)

Scan Speed 
(mm/min)

Tempera-
ture (℃)

Standard 
Deviation 
(℃)

Steady-
state 
error
(℃)

1 647.1 900 1445.5 44.2 45.5
2 804.8 900 1590.6 51.6 9.4
3 995.5 900 1775.3 67.9 24.7
4 1204.8 900 1981.7 71.1 18.3
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2.5  Closed-Loop Control Infrastructure

The closed-loop framework connects the pyrometer, con-
troller, and laser through a < 1 ms feedback pipeline. Melt-
pool temperature is sampled, compared to the setpoint, and 
translated into laser-power updates using an incremental 
PID controller running directly on the KFLOP. PID control 
was selected because its simple and transparent structure 
[30], ease of tuning, and proven robustness make it excep-
tionally well suited for real-time temperature regulation in 
DED [17, 31, 32], where system dynamics are difficult to 
model, the melt pool experiences continuous disturbances, 
and cost-effective yet highly reliable control is required 
[33–36]. Output clamping and corrective damping ensure 
stable convergence and prevent over-correction during tran-
sient disturbances. The controller’s deterministic execution 
enables true real-time modulation of laser energy, providing 
the thermal stability required for reliable DED processing.

Safety mechanisms including thermal overshoot protec-
tion, watchdog routines for sensor dropouts, and emergency 
shutdown logic ensure robust operation under dynamic 
conditions. Together, the open hardware ecosystem, 

synchronized high-frequency sensing, and microsecond-
responsive control framework establish ALOHA-DED 
as a flexible platform for advanced research in process 
control, multi-sensor data fusion, and adaptive melt-pool 
management.

3  Experimental Methodology

3.1  ALOHA-DED Machine Setup

All experiments in this study were carried out using the 
custom ALOHA-DED platform described in Sect.   2. The 
system provides real-time access to sensor signals and deter-
ministic control of laser power, enabling a tightly regulated 
thermal environment throughout deposition. During all tri-
als, the laser operated with a nominal 1.2 mm spot size and 
a fixed 19 mm stand-off distance, while continuous argon 
shielding was supplied to maintain a consistent melt-pool 
atmosphere. The experimental arrangement ensured stable 
energy delivery, reproducible melt-pool formation, and reli-
able evaluation of the thermal-control strategy.

Melt-pool temperature was measured using a single-color 
pyrometer mounted off-axis. The optical path was adjusted 
to generate a 0.5  mm measurement spot fully contained 
within the melt pool, enabling high-resolution capture of 
temperature fluctuations. The pyrometer output voltage was 
converted to temperature using a calibrated linear mapping 
with a fixed emissivity of 0.14. This configuration provided 
a continuous thermal signal that served as the input for real-
time control.

Table 5  Closed-Loop Single line deposition parameters
Test No. Temperature Setpoint 

(℃)
Scan Speed (mm/min) Average Laser 

Power (W)
Average 
Temperature
(℃)

Standard Deviation
(℃)

Steady-
state 
error
(℃)

1 1400 900 455.9 1398.7 55.5 1.3
2 1600 900 777.5 1599.9 68.5 0.1
3 1800 900 1196.8 1800.0 100.1 0
4 2000 900 1499.9 1869.7 116.1 130.3

Table 6  Open-Loop Single line deposition parameters
Test 
No.

Laser 
Power 
(W)

Scan Speed 
(mm/min)

Tempera-
ture (℃)

Standard 
Deviation
(℃)

Steady-
state 
error
(℃)

1 455.9 900 1391.6 77.4 8.4
2 777.5 900 1575.3 47.6 24.7
3 1196.8 900 1772.4 49.9 27.6
4 1499.9 900 1852.1 55.5 147.9

Fig. 4  (A) Single lines, without 
powder feeding to measure the 
surface temperature on a base plate 
according to laser power, (B) fab-
ricated single lines, with powder 
feeding, and (C) comparison of 
thin-wall built up cases with and 
without laser power control. (CL: 
closed loop, OL: open loop)
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Closed-loop temperature stabilization was achieved 
through an incremental PID controller implemented directly 
on the KFLOP DSP. The controller continuously evaluated 
the deviation between the measured and target temperatures 
(1400–2000  °C) and updated the laser-power command 
through a 0–10  V analog output. The incremental form 
ensured smooth adjustments, minimized overshoot, and 
improved robustness against sensor noise. The proportional, 
integral, and differential gains were tuned experimentally 
using a heuristic approach to obtain rapid convergence and 
stable operation. This integrated experimental and control 
framework enabled consistent melt-pool behavior across 
all deposition conditions and provided a reliable basis for 
evaluating single-line and thin-wall fabrication under both 
open-loop and closed-loop operation.

3.2  Materials and Deposition Conditions

The feedstock material used in this study was SS316L pow-
der with a particle-size range of 50 ~ 150 μm, supplied by 
HANA AMT Co. in Korea. Its chemical composition and 
size distribution are summarized in Table  1 and Table 2, 
respectively and all depositions were carried out on SS316L 
substrates measuring 50 × 150 × 10 mm. Across all experi-
ments, the scanning speed, carrier-gas flow, and stand-off 
distance were kept constant to ensure consistent melt-pool 
formation. Laser power was applied either as a fixed value in 
open-loop mode or dynamically modulated by the PID con-
troller in closed-loop mode, while shielding gas was con-
tinuously supplied to minimize oxidation during processing.

3.3  Experimental Matrix

Three sets of experiments were designed to evaluate ther-
mal stability, melt-pool behavior, and build morphology 
under both open-loop and closed-loop operation. First, sin-
gle-line tracks were scanned without powder feed based on 

set parameters shown in Table 3. During closed-loop opera-
tion, the laser power continuously adjusted to maintain each 
temperature setpoint; the resulting average powers (647.1, 
804.8, 995.5, and 1204.8  W) were then applied as fixed 
powers as shown in Table 4 for the corresponding open-loop 
tests (Fig. 4A).

Second, single-line tracks were deposited with powder 
using a feed rate of 11.9 g/min and 3 L/min carrier gas based 
on process parameters summarized in Table 5. In this case, 
closed-loop control again modulated power dynamically, 
and the average values obtained (455.9, 777.5, 1196.8, and 
1499.9 W) were used as fixed inputs for the open-loop trials 
as summarized in Table 6. The resulting melt-pool behavior 
under closed-loop and open-loop conditions is illustrated in 
Fig. 4B.

Finally, thin-wall structures were fabricated using a 
15-layer single-bead strategy at 900  mm/min, 11.9  g/min 
powder feed, and 3 L/min carrier gas as shown in Fig. 4C. 
The closed-loop trial maintained a 1800  °C temperature 
setpoint with dynamically varying power, while the open-
loop trial applied a fixed power of 1200  W. Collectively, 
these experiments provide a comprehensive comparison of 
thermal behavior, geometric stability, and resulting material 
properties under open-loop and closed-loop control.

3.4  Post-Process Characterization

Post-process characterization was performed to quantita-
tively assess the geometric fidelity, microstructural features, 
and hardness response of deposits produced under open-
loop and closed-loop thermal control. Geometric evaluation 
was first conducted using a Micro-Epsilon scanCONTROL 
3000-25 2D laser scanner, which enabled non-contact mea-
surement of bead profiles and layer-height evolution. The 
scanner provided high-resolution cross-sectional maps of 
single-bead deposits, allowing precise determination of 

Fig. 5  Schematic of the hardness 
indentation points (15 built up 
layers (left), cross-sectional of the 
built up wall(right))
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bead height, width, penetration depth, and overall morpho-
logical uniformity.

To complement the scanner-based measurements, 
selected single-bead and thin-wall samples were sec-
tioned perpendicular to the scan direction and subsequently 
mounted, polished and etched for metallographic exami-
nation. Optical microscopy was used to see bead cross-
sectional morphology, including fusion behavior, dilution 
characteristics, and layer-to-layer transitions. For thin-wall 

specimens, microstructural observations were systemati-
cally conducted at the bottom, middle, and top regions to 
capture vertical variations in grain morphology associated 
with different thermal-control modes.

Mechanical characterization was performed through 
Vickers microhardness mapping along the build height 
using a 200 g load and a 15 s dwell time. Indents were posi-
tioned to traverse the base metal, dilution zone, and depos-
ited material to establish hardness gradients and quantify 

Fig. 6  Comparison of Closed-Loop and Open-Loop Temperature Control During Single-Line Laser Scans Without Powder Across Target Tem-
peratures from (A) 1400 °C, (B) 1600 °C, and (C) 1800 °C and (D) 2000 °C
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through-thickness mechanical response. The specific spatial 
arrangement of these measurement points, referred to as the 
indentation loci, is illustrated in Fig. 5, showing the system-
atic mapping from the substrate through the 15 deposited 
layers. The combination of geometric scanning, metallo-
graphic examination, and hardness profiling provided an 
integrated methodological framework for evaluating the 
influence of thermal-control strategy on solidification struc-
ture and mechanical performance.

4  Results and Discussion

4.1  Single-Line Laser melting

The temperature responses obtained at the four target set-
points are presented in Fig. 6A-D. These results reveal clear 
differences in the thermal behavior of the process under 
closed-loop and open-loop operation. At 1400  °C, shown 
in Fig. 6A, the closed-loop system converged to the target 

Fig. 6  (continued)
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quickly and then maintained a nearly uniform temperature 
along the scan length. Once the initial transient had settled, 
the measured temperature closely matched the setpoint, 
demonstrating stable regulation of the melt pool. The 
open-loop condition, in contrast, settled at approximately 
1445  °C. Although the temperature remained steady, the 
persistent offset indicates that constant power cannot com-
pensate for natural variations in heat absorption and con-
duction during the scan.

The behavior observed at the intermediate tempera-
tures reinforces this trend. As shown in Fig. 6B and C, the 
closed-loop controller continued to regulate the melt-pool 
temperature effectively as the thermal demand increased. 
The temperature profiles at 1600 °C and 1800 °C remained 
close to their respective targets, even though the laser power 
varied continually as the controller responded to small 
disturbances. This continuous adjustment was necessary 
to counteract localized changes in surface conditions and 

Fig. 6  (continued)
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thermal gradients along the scan path. The open-loop scans 
at the same temperatures, however, did not maintain this 
level of stability. At 1600 °C the temperature drifted gradu-
ally over the length of the scan, and at 1800  °C the melt 
pool stabilized with a noticeably larger deviation from the 
intended setpoint. These results underscore that fixed power 
does not provide the corrective ability required to maintain 
thermal equilibrium as the melt pool becomes more sensi-
tive to fluctuating conditions.

The differences between the two control approaches 
become even more apparent at the highest temperature. 
In Fig.  6D, the closed-loop system succeeded in holding 
the melt-pool temperature near 2000 °C despite the much 
larger and more rapid power adjustments required at this 
level. The temperature profile remained close to the tar-
get throughout the scan, indicating that the controller was 
able to balance rapid heat accumulation with equally rapid 
dissipation into the substrate. The open-loop condition, 

Fig. 6  (continued)
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meanwhile, produced a distinct hump-shaped profile rather 
than a stable plateau. This shape reflects progressive heating 
followed by a slow decline, revealing that constant power 
cannot accommodate the evolving thermal gradients present 
at higher energy densities.

4.2  Single-Line Deposition

The introduction of powder feeding noticeably changed the 
thermal behavior of the process, as the particles absorbed 
and attenuated the laser energy before reaching the sub-
strate. Despite this added complexity, the closed-loop con-
troller maintained stable temperature regulation across all 
setpoints, while the open-loop response again showed clear 
signs of thermal imbalance as shown in Fig. 7A and D. At the 
lowest target temperature (Fig. 7A), the open-loop condition 
exhibited a pronounced overshoot, rising to nearly 1700 °C 
before settling, whereas the closed-loop controller reached 
1400 °C quickly and held it with minimal fluctuation. This 

overshoot reflects the reduced initial thermal inertia and the 
additional melting energy required by the powder, both of 
which a fixed-power setting cannot accommodate. As the 
temperature increased to 1600  °C and 1800  °C (Fig.  7B 
and C), the closed-loop system continued to track the tar-
gets reliably through continuous power adjustment, while 
the open-loop melt pool drifted around the setpoint, demon-
strating limited ability to stabilize when powder absorption 
became more dominant. At 2000 °C (Fig. 7D), the gap wid-
ened further: the closed-loop system preserved the intended 
temperature despite operating near the laser’s upper power 
limits, while the open-loop condition displayed slower con-
vergence and growing instability.

The geometric consequences of these thermal differences 
are reflected clearly in the bead morphology measured by 
the 2D scanner (Table 7). Closed-loop deposition produced 
a predictable increase in bead width with temperature, ris-
ing from 1.813 mm at 1400 °C to 2.927 mm at 2000 °C. 
This monotonic trend aligns with the expected behavior of 

Fig. 7  Thermal response of single-
line deposition with powder under 
closed-loop and open-loop control 
at target temperatures of 1400 °C 
(A), 1600 °C (B), 1800 °C (C), and 
2000 °C (D)
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a hotter, lower-viscosity melt pool that spreads more readily 
across the substrate. The open-loop samples did not follow 
this predictable pattern. At 1400  °C, the open-loop width 
remained narrow at 1.575 mm, consistent with the insuffi-
cient wetting caused by the initial thermal overshoot and the 
subsequent inability to maintain the required energy input. 
At higher temperatures, the open-loop beads widened but 
did so inconsistently, and their width–height ratios varied 
more than in the closed-loop condition. These fluctuations 
indicate that the geometric profile was directly influenced 
by the unstable thermal response observed in Fig. 7B and D. 
Figure 8 shows the resulting bead cross-sections.

4.3  Thin-Wall Deposition

The 15-layered thin-wall experiment provided a clear view 
of how cumulative heat affects melt-pool behavior during 

vertical build-up. Under open-loop operation with a fixed 
laser power of 1196.8  W, the melt-pool temperature rose 
continuously from 1726 °C in the first layer to 2028 °C by 
the fifteenth layer, producing more than 300 °C of uncon-
trolled thermal drift. This gradual temperature escalation led 
to increasingly unstable melt-pool shapes and inconsistent 
bead height. The progression is evident in Fig.  9, where 
the temperature curve steepens with each successive layer, 
reflecting the accumulation of heat that the fixed-power sys-
tem could not counteract.

Figure 10A shows that the closed-loop control strategy, 
operating at a target melt-pool temperature of 1800  °C, 
exhibits a highly stable thermal response compared with 
the open-loop condition. In the open-loop case, the pro-
cess operates at a nearly constant laser power of approxi-
mately 1200 W while the melt-pool temperature increases 
progressively with build height, indicating cumulative heat 

Fig. 7  (continued)
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accumulation in the absence of active thermal regulation. 
Under closed-loop control, the system rapidly compensates 
for heat buildup during the layers by reducing the laser 
power from approximately 1500  W to below 800  W. As 
deposition progresses and heat accumulation increases with 
wall height, the controller dynamically compensates for 
layer-to-layer thermal fluctuations by modulating the laser 
power within a low range of approximately 400–650  W, 
with several layers operating below 700 W. Despite these 
substantial reductions in energy input, the melt-pool tem-
perature remains consistently regulated near the target value 
throughout the entire 15-layer build, demonstrating the 
effectiveness of closed-loop thermal feedback in maintain-
ing process stability while minimizing energy input.

In this study, the term ‘cell size’ refers specifically to the 
sub-grain cellular structures and Secondary Dendrite Arm 
Spacing (SDAS). These features are established metallurgi-
cal indicators for the local cooling rate in 316 L stainless 

steel DED processes. This distinction is critical, as these 
sub-grain features—rather than primary grain boundaries—
directly reflect the high-frequency thermal stabilization 
achieved by the closed-loop controller.

The hardness profiles plotted in Fig. 10B demonstrate that 
the open-loop wall exhibited wide variability, ranging from 
180 to 240 HV, with the lowest values occurring in regions 
where the microstructure had coarsened due to accumulated 
heat and reduced cooling rates. The downward trend in the 
open-loop hardness curve toward the top of the wall mir-
rors the thermal runaway observed during deposition, con-
firming that uncontrolled melt-pool morphology leads to 
diminished microhardness. In contrast, the closed-loop wall 
maintained consistently higher hardness between 210 and 
240 HV and displayed a stable upward trend across the build 
height, reflecting the finer, more uniform dendritic structure 
preserved by active temperature regulation. This observa-
tion is further corroborated by Fig. 10C, which shows that 

Fig. 7  (continued)
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the closed-loop process maintains a consistently smaller and 
more uniform cell size along the build height, whereas the 
open-loop condition exhibits increasing scatter and coars-
ening toward the top of the wall. This refinement, together 
with the suppression of excessive epitaxial grain growth, 
produced a more homogeneous microstructure. Overall, the 
roughly 20–30% increase in hardness relative to the open-
loop condition highlights the significant mechanical advan-
tage gained by preventing thermal drift and maintaining a 
stable thermal environment during thin-wall fabrication.

While the controller maintained the target temperature 
successfully, a minor upward trend in laser power was 
observed during the final three layers (Layers 13–15). This 
behavior is attributed to the inherent limitations of the off-
axis pyrometer configuration. As the build height increases, 
even with Z-axis compensation to maintain a fixed 19 mm 
standoff distance, slight variations in the viewing angle or 
optical alignment relative to the melt pool center can occur. 
These minor misalignments cause the sensor to register a 
perceived temperature slightly lower than the actual peak. 
Consequently, the incremental PID controller—tuned to pri-
oritize error elimination —automatically increased the laser 
power to compensate for this perceived drop. This observa-
tion highlights a known constraint of off-axis sensing in tall 
geometries and suggests that future work involving signifi-
cantly taller builds may benefit from coaxial monitoring to 
ensure angle-independent thermal readings.

The microstructural contrast between the two thin walls 
directly reflects the different thermal histories imposed by 

Fig. 7  (continued)

Table 7  Geometric Comparison (Closed Loop vs. Open Loop)
Test No. Target 

Temp (℃)
CL Width 
(mm)

CL Height 
(mm)

OL Width 
(mm)

OL 
Height 
(mm)

1 1400 1.813 0.537 1.575 0.676
2 1600 1.866 0.585 2.168 0.683
3 1800 2.477 0.801 2.333 0.796
4 2000 2.927 0.769 2.698 0.682
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open-loop and closed-loop operation. In the open-loop wall, 
the cumulative temperature rise of more than 300 °C pro-
duced markedly coarse, elongated grains throughout the 
build height. The top region shows large, irregular grains 
exceeding 5 μm in secondary arm spacing, while the mid- 
and lower regions retain similarly coarse and strongly epi-
taxial structures, indicating sustained overheating and a 
collapse of the thermal gradient. In contrast, the closed-loop 
wall exhibits a consistently refined cellular dendrite mor-
phology, with arm spacings decreasing from approximately 
3.0 μm near the top to about 2.68 μm in the lower layers. 
This uniform refinement is a direct consequence of stabiliz-
ing the melt-pool temperature by limiting heat accumulation 
and maintaining higher effective cooling rates, the closed-
loop system suppressed grain coarsening and prevented 
the upward propagation of columnar structures. As shown 

in Fig. 11, the closed-loop process therefore yields a much 
more homogeneous and mechanically favorable microstruc-
ture than the open-loop counterpart.

A distinctive narrowing of the deposit width with 
increasing height is observed in the closed-loop specimen 
(Fig. 11), a trend that contrasts with the open-loop wall. This 
geometric evolution is a direct consequence of the active 
thermal regulation strategy. In open-loop mode, the constant 
1200 W laser power leads to progressive heat accumulation, 
which maintains or widens the melt pool as vertical heat 
dissipation becomes restricted. Conversely, the closed-loop 
controller effectively suppresses thermal runaway by dras-
tically modulating the laser power—reducing it from an 
initial 1500 W to approximately 450–650 W in the final lay-
ers—to maintain the stable 1800°C setpoint. This significant 
reduction in energy density results in a narrower and more 

Fig. 8  Geometric Comparison of 
Cross-Sections of deposited speci-
mens during temperature ranges 
(1400–2000 °C) for Closed Loop 
and Open Loop
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controlled melt pool, ensuring geometric consistency and 
preventing the ‘mushrooming’ effect typically associated 
with cumulative heat buildup in DED.

Across all experiments from single-line scans to thin-
wall builds, the developed ALOHA-DED system consis-
tently demonstrated stable melt-pool regulation, predictable 
geometry, refined microstructure, and improved mechani-
cal performance when operated in closed-loop mode. The 
controller maintained accurate and fast temperature tracking 
across a wide thermal window, prevented heat accumula-
tion during long and multi-layer deposits. These behaviors 
directly translated into uniform bead geometry, finer den-
dritic structures, and hardness levels 20–30% higher than 
open-loop deposition. The present results therefore validate 
that the ALOHA-DED system, despite its low hardware 
complexity and affordability, achieves process stability and 
material performance comparable to those of significantly 
more expensive commercial systems.

5  Conclusions

This study demonstrated that real-time melt-pool tempera-
ture regulation is the key determinant of thermal stability, 
geometric consistency, microstructural refinement, and 
mechanical performance in DED. Across single-line and 
thin-wall builds, the closed-loop controller maintained accu-
rate temperature tracking over a wide process window, pre-
vented more than 300 °C of thermal drift during multi-layer 
deposition. These stabilized thermal conditions produced 
predictable bead geometry, refined dendritic microstruc-
tures, and hardness values 20–30% higher than those 
achieved under open-loop operation. The strong correlation 
between thermal control and material outcomes observed 
here agrees closely with prior findings on commercial DED 
systems, yet was achieved on a low-cost, open-architecture 
ALOHA-DED platform. This confirms that high-fidelity 
thermal control does not require expensive proprietary 
hardware, and that open systems can deliver research-grade 
process stability. The validated platform provides a robust 

Fig. 9  Thermal response dur-
ing Thin wall deposition during 
Closed Loop (Top) and Open 
Loop(bottom)
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Fig. 10  (A) Evolution of average melt-pool 
temperature and laser power, (B) microhardness 
distribution (C) Cell size (representing sub-grain 
cellular structure/SDAS) versus Height across 
deposited layers under closed-loop and open-loop 
control
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foundation for future work in adaptive DED control, includ-
ing multi-variable regulation of speed, mass flow, and bead 
height, as well as real-time defect mitigation and autono-
mous process optimization.
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