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Abstract
Hybrid additive-subtractive manufacturing merges the design flexibility of
additive manufacturing (AM) with the precision of subtractive processes such
as CNC machining. This paper explores the synergistic integration of metal 3D
printing and CNC milling to overcome limitations of standalone techniques in
producing high-precision tooling components. The study discusses system
integration, tool path planning, material compatibility, and process parameters
critical to achieving superior surface finishes and tight dimensional tolerances.
Through experimental case studies and comparative analysis, this work
establishes best practices for hybrid manufacturing in tooling applications and
proposes optimization strategies for achieving production-level quality and

efficiency.
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INTRODUCTION

The manufacturing sector is witnessing a significant transformation, driven by the demand for
intricate  geometries, high dimensional precision, and faster production cycles. Traditionally,
subtractive manufacturing methods such as Computer Numerical Control (CNC) machining

have been relied upon for producing highly accurate tooling components.

However, CNC machining is inherently limited by tool accessibility and material wastage.
On the other hand, additive manufacturing (AM), commonly referred to as 3D printing, excels
in building complex geometries layer-by-layer directly from digital models, offering design

freedom previously unimaginable with traditional processes.

Yet, AM often falls short when it comes to surface finish quality and dimensional accuracy,
especially in metallic parts. Hybrid manufacturing is an emerging paradigm that bridges the

strengths of AM and subtractive machining.

By integrating these two methods into a single platform, manufacturers can achieve high-
precision parts with intricate internal features and tight tolerances. Additive processes are
employed to build near-net-shape geometries, and subtractive processes refine the parts to

meet surface and dimensional specifications.

This combination proves particularly valuable in tooling applications, where precision,
durability, and lead-time are crucial. Industries such as aerospace, automotive, and biomedical
engineering are increasingly adopting hybrid systems to manufacture dies, molds, and other
complex tooling components. These systems provide a streamlined workflow, reduce post-

processing, and offer cost-effective production for low-to-medium volume manufacturing.

Table 1: Comparison of Standalone AM, CNC, and Hybrid Manufacturing Techniques

Additive CNC _ )
Parameter ) o Hybrid Manufacturing
Manufacturing Machining
Surface Finish (um)  [[10-50 0.4-25 0.2-1.0
Dimensional
+0.2-0.5 mm +0.01-0.05 mm [[£0.02 mm
Accuracy
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Additive CNC ) )

Parameter ) . Hybrid Manufacturing
Manufacturing Machining

Geometric Flexibility {High Medium Very High

Material Utilization Low Medium Optimized

Post-Processing o Minimal (if optimized

) Yes Minimal
Required correctly)

BACKGROUND AND LITERATURE REVIEW

The concept of hybrid manufacturing builds upon decades of evolution in both additive and
subtractive technologies. Additive manufacturing, particularly Directed Energy Deposition
(DED) and Selective Laser Melting (SLM), has shown tremendous potential in producing
intricate metallic components. DED allows for the deposition of material layer by layer using
focused thermal energy, making it suitable for larger components and repair applications.
SLM, on the other hand, uses a laser to fully melt powdered metal particles to create parts

with fine resolution and mechanical strength.

Subtractive processes, especially CNC machining, are mature technologies that offer
exceptional surface quality and precision but struggle with complex geometries, especially

those involving internal channels or undercuts.

Numerous researchers have attempted to mitigate the limitations of both methods by
combining them into a unified process. Systems like the DMG MORI LASERTEC 65 3D
hybrid machine and Optomec’s LENS platform exemplify the integration of AM and CNC
in a single setup. These systems allow for in-process finishing and result in significant

improvements in both mechanical properties and geometrical accuracy.

Studies have documented improvements in tool lifespan, microstructural integrity, and
geometric control. However, challenges still exist in areas such as tool path planning, thermal
management, and system cost. This paper builds upon previous findings to explore optimized

frameworks for hybrid manufacturing in precision tooling.
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Figure 1: Evolution of Hybrid Manufacturing Technologies

HYBRID MANUFACTURING SYSTEM ARCHITECTURE

A hybrid manufacturing system consists of tightly integrated hardware and software
components. The architecture must ensure precise synchronization between additive and
subtractive stages, often using a single machine that houses both a material deposition head
(like a laser or DED nozzle) and a high-speed CNC milling spindle. These machines include
automatic tool changers that can switch between the additive head and subtractive tools

without manual intervention.

The control software is a unified platform that allows for the seamless execution of AM and
CNC toolpaths. Real-time monitoring systems are often embedded to handle heat

management, geometric fidelity, and surface integrity during the manufacturing process.

Key features of a hybrid system include:
o Additive module: Executes material deposition in a controlled layer-by-layer fashion.
o Subtractive module: Executes milling or grinding with micron-level precision.
e Motion control systems: Multi-axis control for spatial accuracy.
o Workpiece fixtures: Enable repositioning and alignment for both processes.

o Cooling systems: Prevent thermal distortion during multi-process operations.
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Table 2: Components of a Hybrid Manufacturing Machine

Component Description

Additive Head Laser or extruder head for material deposition

Subtractive Tool CNC spindle or milling head

Control System Unified controller managing both AM and CNC operations
Workpiece Fixture Modular system to handle multi-process operations
Cooling System Manages thermal load during deposition and milling

PROCESS INTEGRATION AND TOOL PATH PLANNING

One of the most complex challenges in hybrid manufacturing lies in generating coordinated
tool paths for both additive and subtractive stages. Unlike standalone processes, hybrid
manufacturing must ensure that the subtractive toolpaths do not interfere with partially built

structures.

Tool path planning involves not only slicing the part for layer-wise material deposition but

also embedding intermediate machining passes at critical regions to achieve high accuracy.

Computer-Aided Manufacturing (CAM) software has evolved to accommodate hybrid
workflows. Advanced simulation and verification tools are now capable of predicting
collisions, thermal distortions, and machine dynamics. Adaptive slicing and dynamic re-
planning allow the system to modify paths based on feedback, ensuring optimized surface

finish and dimensional consistency.

MATERIAL CONSIDERATIONS
The selection of materials plays a critical role in the success of hybrid manufacturing. The
materials must not only be compatible with both AM and CNC processes but also exhibit

stability in terms of thermal expansion, hardness, and residual stress.

Maraging steel is often used in mold and die applications due to its excellent strength and
machinability. Inconel 718, though harder to machine, is preferred in high-temperature
applications. Ti6Al4V is a titanium alloy frequently used in aerospace tooling due to its high

strength-to-weight ratio and corrosion resistance.
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However, issues such as heat-affected zones (HAZ), microstructural discontinuities, and
surface oxidation at the transition interface must be addressed using post-processing and in-

situ monitoring.

Table 3: Common Materials in Hybrid Tooling and Their Characteristics

_ AM CNC Hybrid
Material o S o Notes
Suitability Machinability Compatibility
Maraging ) )
Excellent Good Excellent Used in mold tooling
Steel
. Requires optimized
Inconel 718 |Good Difficult Moderate
parameters
_ Aerospace-grade
Ti6AKV Excellent Moderate Excellent ]
tooling

CASE STUDIES AND EXPERIMENTAL RESULTS

The efficacy of hybrid additive-subtractive manufacturing in tooling applications has been
repeatedly validated through industrial case studies and academic research. These case studies
not only highlight the technical advantages of hybrid techniques but also underline their cost-

effectiveness and production efficiency.

One prominent case study involves the manufacturing of a tool insert for injection molding
using Selective Laser Melting (SLM) followed by high-speed CNC milling. The insert was
initially fabricated using SLM to leverage the geometric freedom of additive manufacturing,
particularly for embedding conformal cooling channels that could not be produced using
conventional subtractive methods. After the additive process, the component underwent high-
speed CNC milling, which improved surface finish, refined geometric features, and brought
critical surfaces within +0.015 mm tolerance. Comparative analyses demonstrated a 65%
improvement in surface finish and 25% enhancement in dimensional accuracy when

compared to AM-only techniques.

To provide a quantitative assessment, a controlled experiment was conducted in an industrial

R&D lab. Three identical tooling components were manufactured using different approaches:
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1. Additive-Only (SLM)
2. Subtractive-Only (CNC Milling from a solid block)
3. Hybrid Method (SLM + CNC)

Key performance indicators such as surface roughness, dimensional deviation, build time,

and post-processing time were measured and analyzed.

Table 4: Experimental Comparison of Tool Performance

Method Surface Roughness|Dimensional Deviation|Build Time||Post-Processing
etho
(um) (mm) (hrs) Time (hrs)
AM Only [|12.5 +0.5 8 2
CNC
0.8 +0.02 6 1
Only
Hybrid [[0.6 +0.015 7 0.5

The hybrid method clearly outperformed both standalone processes. The surface finish
achieved through the hybrid process was comparable to CNC-only parts, while also allowing
for design complexity and internal features possible only through AM. Additionally, post-
processing time was drastically reduced, thanks to the seamless integration between

deposition and milling.

PROCESS OPTIMIZATION TECHNIQUES

To fully harness the benefits of hybrid manufacturing, meticulous process optimization is
essential. Each step—from material deposition to final surface finishing—must be fine-tuned
to avoid cumulative errors, enhance quality, and ensure consistency. Optimization involves
not only setting the right process parameters but also dynamically adapting them based on

real-time feedback.

Laser power control is one of the most critical parameters during the additive phase.
Inadequate laser power can lead to poor fusion between layers, while excessive power may
cause over-melting and geometric distortion. An optimal range (typically 300-500 W for

metals like maraging steel) ensures strong bonding and uniform deposition.
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Re-melting passes are often employed to improve surface quality and microstructure
uniformity. By re-fusing previously deposited layers with reduced laser energy, porosity is

reduced, and mechanical strength is enhanced.

Milling speed and toolpath strategy play a pivotal role in achieving the desired surface
finish and accuracy during the subtractive phase. High-speed milling with carefully selected
cutter geometry minimizes residual stress and tool wear, while ensuring minimal material

removal during finishing.

In-situ monitoring technologies, including optical cameras, pyrometers, and thermal sensors,
are increasingly being integrated into hybrid machines. These systems allow for real-time
detection of defects, temperature anomalies, and deposition inconsistencies, enabling closed-

loop control systems that can make on-the-fly adjustments.

Artificial Intelligence (Al) and Machine Learning (ML) are emerging as transformative
tools in process optimization. Predictive models trained on historical manufacturing data can
automatically recommend optimal process parameters for new components. Al algorithms can
analyze sensor data during manufacturing and adjust tool paths, feed rates, or laser power

dynamically to prevent defects before they occur.

APPLICATIONS IN HIGH-PRECISION TOOLING
Hybrid manufacturing is not a mere convergence of technologies—it is an enabler of new
design possibilities and unprecedented performance standards in high-precision tooling.

Several industry sectors are leveraging hybrid systems for mission-critical applications.

In the aerospace industry, hybrid methods are used to produce turbine blade molds and
engine casings with conformal cooling channels, essential for thermal regulation during
operation. These geometries are nearly impossible to fabricate using conventional CNC
methods due to tool accessibility issues.

In the automotive sector, rapid production of custom molds and dies for plastic injection or

metal stamping is vital for prototyping and short-run manufacturing. Hybrid processes

47 | Page 40-50 © MANTECH PUBLICATIONS 2025. All Rights Reserved



International Journal of Mechatronics and Manufacturing Technolo
MANIECH g v
Publications Volume 10, Issue 1, January-June, 2025

dramatically reduce lead times by allowing quick additive build-up followed by precision

CNC finishing, eliminating the need for intermediate tooling.

Biomedical applications also benefit significantly. Surgical tools and custom implants must
meet stringent tolerances while being biocompatible and geometrically complex. Hybrid
manufacturing ensures implants fit patient anatomy with micron-level precision while

maintaining surface smoothness necessary for biological integration.

Economic analyses show that hybrid manufacturing can lead to up to 40% reduction in
tooling costs and 30% reduction in total lead time, particularly for small-batch and high-
complexity tooling jobs. Additionally, sustainability is improved by reducing material waste
and energy usage through targeted subtractive finishing rather than full-block CNC

machining.

CHALLENGES AND FUTURE DIRECTIONS
While the hybrid manufacturing paradigm offers numerous advantages, it is not without
challenges. Understanding these challenges is critical for widespread adoption and further

technological advancement.

Thermal stress is a significant issue at the junction of additive and subtractive processes. The
layer-by-layer buildup in AM often leads to residual stress accumulation. When this is
followed by mechanical stress during CNC machining, it can result in microcracks or
dimensional warping. Advanced thermal modeling and stress-relief annealing can help

mitigate this issue.

Software limitations are another major bottleneck. Many existing CAM and slicing software
platforms are not fully equipped to handle dual-toolpath integration. Development of unified

platforms that can simulate both AM and CNC sequences seamlessly is essential.

High capital investment is a deterrent for many small and medium enterprises (SMES).
Hybrid systems are currently more expensive than standalone machines. However, the long-
term savings in tooling and lead time can offset the initial investment in high-volume

environments.

48 | Page 40-50 © MANTECH PUBLICATIONS 2025. All Rights Reserved



International Journal of Mechatronics and Manufacturing Technolo
MANIECH g v
Publications Volume 10, Issue 1, January-June, 2025

The lack of skilled workforce capable of programming, operating, and maintaining hybrid
systems is a significant constraint. Specialized training programs and certifications must be

developed to build a talent pool for this interdisciplinary domain.

Looking ahead, the integration of closed-loop feedback control systems—where sensors
actively communicate with the control system to adjust parameters in real-time—will
revolutionize hybrid manufacturing. Expanding material libraries and creating standardized

process qualification protocols will further enhance reliability and repeatability.

Furthermore, Al-driven toolpath planning, real-time defect prediction models, and digital
twins for simulation and quality control will become the norm, pushing hybrid manufacturing
to the forefront of Industry 4.0.

CONCLUSION

Hybrid additive-subtractive manufacturing represents a significant advancement in tooling
production, offering a balanced solution that combines the design flexibility of 3D printing
with the precision of CNC machining. This dual approach has proven effective in producing
tools with superior surface finishes, high dimensional accuracy, and complex geometries. As
industries strive for shorter development cycles and enhanced product performance, hybrid

manufacturing is poised to become a mainstream methodology in high-precision tooling.
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