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Abstract: Nomex honeycomb composites are widely recognized for their advanced structural appli-
cations in the aerospace, automotive and defense industries. These materials are distinguished by
exceptional characteristics such as thin cell walls and a hexagonal structure, as well as layers made
of phenolic resins and aramid fibers. However, complex machining and the maintenance of high
quality at a large scale presents considerable challenges. This study provides a comprehensive review
of the literature on the processing of Nomex composites, highlighting the design challenges related
to processing technologies, the impact of conventional and ultrasonic processing methods, and the
associated mechanical properties and microstructural topographies. Moreover, it reviews research
advances in machining techniques, current challenges, and future perspectives, thereby providing
valuable guidance to ensure the optimal cutting of Nomex honeycomb composite structures (NHCs).

Keywords: cutting tool; honeycomb structure composite Nomex; rotary ultrasonic machining technologies;
conventional machining; processing mechanism

1. Introduction

The appearance of modern honeycomb structures dates back to the late 1930s, and these
cores, usually made using an expansion and corrugation process, are characterized by an
arrangement of open cells with a hexagonal structure and extremely thin walls [1–4]. Recently,
honeycomb cellular structures have garnered significant attention for use in high-performance
sandwich panels, particularly in aerospace, automotive, and defense applications. This is
due to their unique properties, including high strength, excellent stiffness-to-weight ratios,
outstanding fatigue resistance, low density and corrosion resistance [5–7]. Honeycomb structures
can be made from various materials, both metallic and non-metallic [8–11]. These materials
include aluminum alloy [12–14], stainless steel [15,16], Nomex [17,18], kraft paper [19,20]
and fiberglass [21,22]. Nomex honeycomb composites (NHC) are made from aramid paper
impregnated with phenolic resins, giving their structure a Thin-Walled hexagonal configuration.
The hexagonal cell core has double walls in the longitudinal (L) direction of the ribbon, while
the width (W) and thickness (T) directions have single walls [23–26]. Typically, the thickness of
cell walls in honeycomb structures varies between 0.05 and 0.13 mm, while the length of cell
sides is usually between 2 and 5 mm [27–29]. Nomex honeycomb composites have attracted
particular interest in various fields including aviation, aerospace, automotive (especially racing
cars), high-speed trains and shipbuilding, as well as in sports and safety helmets, due to
their advanced physical, mechanical and structural characteristics, such as light weight and
excellent quality [30–33]. Common applications of Nomex honeycomb sandwich structures
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in aerospace components include floors, doors, wing flaps, fuselage fairings, control surfaces,
overhead storage compartments, ceilings, sidewall panels, engine cowlings, spoilers, nacelles
and Randoms [22,32,34,35]. Despite the common and necessary applications of honeycomb
structures, the shaping of this type of structure nevertheless presents significant obstacles
and challenges for engineers and researchers. These challenges include the complexity of
manufacturing processes, the inherent brittleness of the materials, and the need to optimize
processing parameters to achieve optimal mechanical and structural performance. Researchers
must also overcome obstacles related to the understanding of surface formation mechanisms
and the design of new cutting tools and techniques tailored to the specific requirements of
honeycomb structures. The complexity of the manufacturing processes lies in the need to
integrate advanced processing systems, such as ultrasonic straight blade tools and ultrasonic
machines, to efficiently process honeycomb materials. These systems must be finely calibrated
to ensure precise cutting and minimize structural damage. In addition, the brittleness of
honeycomb materials, such as Nomex, requires delicate handling and specific processing
conditions to avoid fractures and deformations. The optimization of processing parameters
is crucial to maximize the performance of honeycomb structures. This involves an in-depth
study of surface formation mechanisms, as well as rigorous testing to determine the best cutting
conditions, such as speed, ultrasonic frequency and cutting angle. Researchers also need to
develop theoretical and experimental models to predict the behavior of materials under different
processing conditions. Furthermore, the design of new cutting tools and techniques is essential
to meet the specific requirements of honeycomb structures. This includes the development of
high-precision cutting tools, capable of working at microscopic scales and maintaining high
surface quality. Innovation in cutting tool materials, as well as ultrasonic-assisted machining
technologies, plays a key role in overcoming these challenges. Through continued research and
technological development, it is possible to overcome current obstacles and advance the use of
honeycomb structures in various industrial applications. Indeed, when machining composite
and metallic honeycomb structures, it is essential to take into consideration mechanical studies
of this type of structure. This includes extensive research on various aspects of material
behavior, including compression, mechanical properties, numerical and finite element modeling,
low velocity impacts and damage, elastic properties, bending, crushing, buckling, and elastic
behavior [23,26,31,36–58]. Despite these advances, the processing of honeycomb structures
continues to encounter several significant problems, including

• Material fragility: Honeycomb structures, especially composite ones, are often fragile
and susceptible to fracture or deformation under high mechanical stresses.

• Optimization of processing parameters: It is crucial to determine the optimal ma-
chining conditions, such as cutting speed, ultrasonic frequency, and cutting angle, to
minimize damage and maximize surface quality.

• Complexity of manufacturing processes: The integration of advanced technologies,
such as ultrasonic cutting tools, requires precise calibration and a thorough under-
standing of tool–material interactions.

• Modeling and performance prediction: Developing theoretical and experimental
models to predict the behavior of honeycomb structures under different machining
conditions remains a major challenge.

• Designing innovative cutting tools: It is necessary to design high-precision cutting
tools capable of working at microscopic scales while maintaining high surface quality.

• Tool Damage and Wear Management: Cutting tools used to machine honeycomb structures
must be wear-resistant and capable of minimizing damage to the materials being machined.

By overcoming these challenges through continued research and technological development,
it is possible to advance the use of honeycomb structures in various industrial applications.

The treatment of Nomex honeycomb composites structures currently incorporates a
combination of conventional and innovative methods. However, due to the geometric com-
plexity and special material properties of Nomex honeycomb composites, the development
of specialized cutting equipment and tools is essential. Internationally, researchers [27,33,59]
and equipment manufacturers have developed a diverse range of tools specifically tailored to
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the processing of these materials. The interaction between the cutting tool and the workpiece
when using conventional cutting frequently leads to the occurrence of significant defects such
as the delamination of aramid fibers, tears, burrs, cracks and the buckling of cell walls. To
overcome the limitations of traditional methods, innovative technologies have been developed.
Among these, ultrasonic vibration-assisted (UVA) processing techniques stand out for their
increased efficiency, attributable to the intermittent interaction of the cutting tool with the
workpiece, which reduces tool wear and decreases the required cutting force. This critical
review focuses on a systematic analysis of the scientific literature and technological advances
of recent decades, with particular emphasis on design issues and factors influencing the
performance of treatment technologies. Furthermore, this analysis delves into the intricate
nature of processing Nomex honeycomb composites, examining recent advancements in
various processing technologies, cutting tools and machining processes. It also evaluates
the impact of these technologies on the precision, properties and surface quality of Nomex
honeycomb composites’ cores. Finally, studies on fixation techniques are presented, followed
by a discussion on current challenges and future research avenues regarding processing
technologies of Nomex honeycomb composite structures.

2. Conventional Methods of Processing Nomex Honeycomb Composites (NHC)
2.1. Specific Machining Processes for Honeycomb Structures

Given the alveolar structure of honeycomb, several specific machining processes have
been developed by manufacturers in order to facilitate machining and improve the final
quality of the machined surfaces. These methods were initiated in the 1950s and 1960s
to overcome the challenges posed by the alveolar structure. The first method developed
consisted of filling the cells with a third-party material, thus making the structure continu-
ous and limiting the creation of burrs when machining honeycombs in metallic materials.
Some works have proposed to fill these cavities with frozen water (Figure 1a) [60]. The
solidified liquid will hold the honeycomb in place during machining and prevent significant
deflections of the walls. This method also makes it easier to hold the honeycomb block on
the machine during machining [61]. It is used for honeycombs that do not pose problems
with water contact, such as those made of aluminum, unlike honeycombs made of Nomex.
Wang [62] suggested utilizing a freeze-fixing technique in a cryogenic setting to examine the
milling machining effects on an aluminum honeycomb core. The experiments showed that
this method could enhance the holding force and fixation strength, achieving values up to
287 N and 19.1 kPa, respectively. In this regard, Jaafar et al. [63] developed a numerical model
for high-speed conventional milling, aiming to improve the milling efficiency of Nomex
honeycomb structures. His study examined the challenges encountered when machining
Nomex honeycomb structures, as well as the impact of processing parameters on cell wall
structure and surface quality. In this context, Qinglong et al. [64] performed an experimental
study to investigate the processing defects, formation mechanisms, and cutting processes of
honeycomb core cell walls during the milling of aluminum cores. Their research aimed to
understand the intricacies of these phenomena to improve milling techniques.

Figure 1. (a) Solidification with frozen water [61]; (b) partial solidification with frozen water [65];
(c) solidification with liquid nitrogen [66].
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In this context, due to the ability of Nomex to absorb water, the previous method
is not applicable to this type of honeycomb. Thus, another procedure was developed,
consisting of filling the cells of the structure with a resin that solidifies when cold, allowing
the honeycomb to be kept in a rigid shape without deforming during machining. After
machining, it is sufficient to expose the structure to room temperature to remove the resin
which covers the honeycomb walls [67]. To address the same problem and to improve the
machining rate, some manufacturers have used expanded foam introduced into the cells
of the honeycomb. This allows the feed rate to be increased during machining and for
machining to be carried out with severe cutting angles in the case of honeycombs with thin
thicknesses, [68]. Another technique is to deform the honeycomb, taking advantage of its
flexibility, in a mold with an imprint of the desired geometric shape. Subsequently, and
before the machining operation, the shape is frozen using frozen water (Figure 1b) or liquid
nitrogen (Figure 1c) to maintain the desired shape of the structure during machining [65,66].
None of these methods are suitable for industrial practices. Implementation constraints
are a barrier to their widespread use. The conventional processing of Nomex honeycomb
composite structures predominantly utilizes computer numerical control (CNC) machine
tools, particularly bridge-type multi-axis gantry CNC milling machines [69], alongside
3-axis and 5-axis CNC machining centers [70]. In fact, large parts are precisely machined
using bridge-type multi-axis gantry machine tools, while smaller elements of Nomex
honeycomb composite structure are ideally machined using 3- or 5-axis machining centers.
In a commercial setting, the conventional tool used for machining these composites consists
of a circular cutter with a sharp blade at the front, a grinder with several helical teeth in the
center to shred the chips, and a long shank to securely fasten it into the machine spindle.
The cutting process involves the rotation of the tool along the spindle axis, combined
with feed motion along the X-axis or Y-axis. The essential geometric characteristics of the
conventional milling tool are illustrated in Figure 2b [71].

Figure 2. Conventional Nomex honeycomb composite structure processing system: (a) geometric
characteristics of the milling tool; (b) milling process [71].

2.2. Diversity of Tools for Machining Honeycomb Structures

Various vendors offer a range of distinct tools, each distinguished by an almost unique
geometry and design. This diversity arises from the multiple machining operations, the
varied materials used in the manufacture of honeycombs, and the complex configurations
encountered. Figure 3 illustrates the main categories of tools used in machining honeycomb
materials, each defined by its particular geometries [72–75].
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Figure 3. The tools used for machining honeycombs are grouped as follows: (a) solid tool [74,76];
(b) valve tool [74]; (c) combined tool [74,75].

Generally, three types of tools are commonly available: solid tools, valve tools, and
combination tools. Solid tools have a similarity to trimming tools and reamers, featuring
cutting helices that may include chip breakers in some cases. There are also tools in the form
of smooth or toothed circular valves. These tools are used to cut the walls of honeycombs.
The third configuration is a combination of the two previous designs. The combination
tool is broken down into two essential parts: the tool body, which resembles the monobloc
tools with chip breakers on the helices, and a circular blade which can contain teeth. Each
of these components is characterized by several geometric properties in order to improve
the machining of honeycomb materials. The circular blade features a sharpened edge to
cut through material cleanly. The honeycomb cutting tool body does not just allow chip
evacuation or material removal, but provides a shredding operation for the honeycomb
walls previously cut by the blade [77,78].

2.3. Optimizing Machining Conditions for Improved Surface Quality

The main problem with this type of machining is associated with the quality of the
surface obtained. Nasedkin et al. [79] machined aramid paper, a constituent of Nomex
honeycomb, with an abrasive diamond tool and with a CO2 laser. Figure 4 shows the two
surfaces obtained after machining. Uncut aramid fibers can be observed on the surface
machined by the diamond tool; on the other hand, a clean surface is generated by laser
machining. These machining defects affect the behavior of the aramid paper, with a
decrease in compressive strength from 245 MPa to 196 MPa, and the uncut fibers induce
cracks in the composite material, which facilitates its damage.

Figure 4. Quality of the machined surface: (a) uncut fibers, machined with diamond tool; (b) clean
surface machined with a laser [79].
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The composition of the walls of Nomex, defined by aramid fibers and phenolic resin,
makes its machining comparable to that of composite structures. The machining of compos-
ites presents different shaping defects, distinct from those observed during the machining
of metals due to the constituents of the composite materials (fibers and resin). The different
types of damage induced by machining are

• Thermal: burning of the matrix, etc.
• Chemical: destruction of the fiber/matrix bonds, water uptake of the matrix.
• Mechanical: tearing of fibers, delamination, cracking of the material.

Thermal damage is caused by friction between the tool and the material. In the case
of drilling, thermal damage is intensified by the friction of the drill bit rim with the hole
wall, combined with too high a cutting speed. Thermal damage results in local elimination
of the matrix and exposure of the fibers. This is a phenomenon that is easily controlled
by good control of the tool rotation speed. Chemical damage is mainly observed during
lubrication-assisted machining; it depends on the rate of water uptake of the material
and the time it is kept under high humidity. This results in a fiber/matrix decohesion
that can generate cracks or delamination over time. Thus, dry machining or machining
under micro-lubrication helps avoid this type of damage. Mechanical damage results in the
appearance of defects, the most problematic of which are delamination and wall tearing.
Depending on their size and frequency, these residual damages have the consequence of
lowering the mechanical characteristics of the composite material, and particularly the
breaking stress and the fatigue endurance limit. They are systematically repaired, and as a
result lead to additional manufacturing costs. Composite materials are generally considered
brittle materials because of their compositions. This behavior differentiates the damage
and machining defects observed on this type of material from those of metals. Machining
defects can be classified according to their location and the affected component. For defects
located on the machined surface, damage is limited to uncut fibers, material tearing, and
thermal degradation of the resin [80–85] (see Figure 5). These defects depend mainly on the
cutting conditions used. Low cutting speeds of the tool promote the appearance of uncut
fibers and the tearing of the material. Krapt et al. [86] found that increasing the rotational
speed from 2500 rpm to 3000 rpm when milling CFRP allows machining without uncut
fibers and gives a cleaner surface finish.

Figure 5. SEM micrographs showing machining defects of composites: (a) tear-out zone and uncut
fibers during CFRP cutting [83]; (b) inter-ply delamination, initiation and propagation of cracks in
CFRP during drilling [84]; (c) thermal degradation of resin during trimming [87].
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Comparing the uncut fiber defect generated during the machining of Nomex honey-
comb (Figure 4) and that of CFRP composite materials (Figure 5), it is clear that the length
of uncut fibers is different; the uncut fibers in the case of Nomex machining are larger in
size. This is explained by the difficulty of cutting aramid fibers because, unlike other fibers
(carbon, glass), they are not fragile or brittle [78]. The surface quality of honeycombs is
of primary importance for their use in sandwich structures. The machined surface is in
direct contact with the sandwich skins. Poor assembly of the sandwich material affects its
peel strength, so the assembly is carried out by an adhesive strip connecting the machined
surface of the honeycomb to the skin. Khan [88] investigated the effect of honeycomb
surface quality on the behavior of the sandwich structure. Three different surface qualities
were studied. The first represents poor quality with uncut fibers, leading to a pronounced
imbalance of the meniscus. These fibers hinder the flow of adhesive as well as the formation
of the meniscus (Figure 6a). These fibers cause impurities in the resin, which present areas
of weakness and generate cracks after the resin cures [51]. The second surface studied is
obtained by ultrasonic machining and has a surface condition close to the first, with fewer
uncut fibers. The decrease in uncut fiber density decreases meniscus imbalance (Figure 6b).
Finally, a clean surface was used and a balanced meniscus was identified (Figure 6c). Uncut
fibers represent the most harmful defect in the formation of the meniscus. They affect the
strength of the sandwich structure through the appearance of cracks in the adhesive strip.

Figure 6. Correlation between the quality of the machined surface and the defect observed at the adhesive
strip of the honeycomb structure assembly [88]: (a) poor surface quality containing uncut fibers; (b) poor
surface quality containing delamination of the double walls and uncut fibers; (c) better surface quality.

Researchers have examined various aspects of conventional computer numerical con-
trol machining of Nomex honeycomb structures. Many researchers have focused their
efforts on the machining of honeycomb structure parts, analyzing conventional and un-
conventional manufacturing processes in detail. These studies involved a careful selection
of different conventional cutting tools suitable for machining components made from
materials such as carbon-fiber-reinforced plastic and aramid-fiber-reinforced plastic [89–92].
Jaafar et al. [93] focused his research on the high-speed conventional milling of Nomex
honeycomb composite structures, emphasizing the optimization of cutting conditions. In
the same context, Figure 7 presents the experimental setup of conventional milling and its
effects on the machined surface quality of Nomex honeycomb structures, depending on var-
ious machining parameters. To analyze the cutting force involved in this process, Qiu [62]
developed a cutting force model and performed simulations under various machining
conditions to predict the force exerted on a single cell wall. The results demonstrated that
the entry angle plays a crucial role in the formation of these cutting defects. Notably, cutting
forces including burrs and overcuts are mainly observed at entry angles of 80◦ and 170◦.
Additionally, increased cutting force is observed when the entry angle exceeds 75◦.
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Figure 7. Experimental setup and machined surfaces of Nomex honeycomb composite structure under
various machining conditions [63]: Honeycomb machining surfaces. (a) f = 200 mm/min, N = 2000 rpm;
(b) f = 200 mm/min, N = 23,000 rpm; (c) f = 3000 mm/min, N = 2000 rpm; (d) f = 3000 mm/min,
N = 23,000 rpm.

Figure 7 illustrates that lower spindle speeds and feed rates resulted in a notable
presence of uncut fibers and burrs, while enhancing the spindle speed from 2000 rpm to
23,000 rpm led to an enhancement in surface quality. When the feed rate is excessively high
while the spindle speed is low, it leads to cell wall tears, an increase in uncut fibers and
the formation of significant burrs. The experimental results highlight that the optimization
of the processing parameters exerts a significant effect on the machined surface of the
Nomex honeycomb composite structure. The work of Zarrouk et al. [94–97] represents a
notable advance in the field of machining Nomex honeycomb composite structures. Using
a 3D numerical model based on the finite element method developed by the commercial
software ABAQUS/Explicit in its version 6.17., he successfully and accurately predicted
the influence of cutting tool diameter on the components of cutting force and chip size.
These predictions are essential to optimize the efficiency and accuracy of the machining
operation (Figures 8 and 9).

Figure 8. (a) Evolution of Fx and Fy; (b) CZ10 cutting tools with different diameters of the cutting blade [94].
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Figure 9. Resulting chip size of the diameter-cutting blade [94]: (a) D = 16.3 mm; (b) D = 18.3 mm;
(c) D = 19.3 mm.

The results in Figure 8 indicate that the machining forces are closely related to the
gap between the cutting tool elements. The increase in the diameter difference leads to
an increase in the feed component Fx due to the accumulation of material on the tool face,
resulting in increased resistance. The crushing component Fz increases steadily with the
variation in the diameters, due to the strong contact between the tool and the honeycomb
structure. As for the cutting component Fy, it varies non-linearly depending on the diameter
difference, attributable to the restoring force of the Nomex paper walls, influencing chip
formation. Thus, the management of this gap is crucial to improve the durability of the
cutting tool and optimize the machining process.

The results in Figure 9 show that the chip size when milling Nomex honeycomb
composite structures is strongly related to the gap between the cutting blade and the
cutter. The chip formation process is divided into two stages: first, the blade cuts the thin
walls, and then the cut walls are pushed back by the cutter. A small gap promotes the
formation of small chips, while a large gap generates larger chips. Thus, the gap between
the two elements of the cutting tool significantly influences the chip size. Large chips are
undesirable because they lead to premature wear of the tool. Therefore, it is crucial to
consider this deviation when milling Nomex honeycomb composite structures to optimize
the machining process. In the same context, Zarrouk et al. investigated the influence of
feed rate on the premature sticking wear of the cutting tool based on a numerical model
for milling Nomex honeycomb structures. This analysis was carried out by comparing the
results of the numerical model through a visual examination, as illustrated in Figure 10.

Figure 10. Adhesive wear on the clearance surface of the cutting tool for different cutting conditions [94]:
(a) 23,000 rpm, 2000 mm/min; (b) 23,000 rpm, 200 mm/min.

The results presented in Figure 10 clearly show that the bonding wear is closely related
to the feed rates, such that the wear becomes more pronounced for high feed rates. Based
on these results, the imperfections in the machining process have a substantial effect on the



Machines 2024, 12, 561 10 of 32

bond strength of the sandwich layers between the Nomex honeycomb composite core and the
skin materials. Although widely used in the aerospace, defense and automotive industries,
conventional processing technologies have limitations such as reduced processing efficiency,
dust generation, high processing defects and high tool wear. On the other hand, alternative
processing methods like ultrasonic vibration-assisted machining present benefits such as
increased processing efficiency, diminished processing defects, minimized surface damage,
reduced cutting force, decreased tool wear, and lowered processing expenses. Currently,
researchers are increasingly interested in unconventional processing technologies, with the
aim of overcoming the limitations associated with conventional methods. This study is
grounded in an extensive review of the literature spanning recent decades, providing a succinct
comparison between conventional processing methods and vibration-assisted techniques,
with a particular focus on ultrasonic methods, for Nomex honeycomb structures.

3. Machining of Nomex Honeycomb Composite Structure Assisted by Ultrasonic Vibrations

The term “ultrasound” refers to a vibration wave whose frequency exceeds the upper
frequency limit of the human ear, set at 20 kHz [98–100]. Ultrasonic vibration-assisted
processing is distinguished by a discontinuous cutting action, energy concentration, and
micro-vibrations at the tool edge. These characteristics play a role in diminishing the
resistance generated by plastic deformation and material fracture. As a result, they allow
the cutting temperature to be reduced, tool wear to be limited, the required cutting force
to be reduced and the quality of the machined surface to be revealed [101,102]. Ultrasonic
vibration-assisted processing is suitable for a wide range of materials, both conductive and
non-conductive, that pose machinability challenges, such as ceramics, titanium alloys, glass
and composites [103–105]. The origins of ultrasonic vibration-assisted machining trace back
to 1927, when Wood and Loomis pioneered the use of extremely high frequency waves on
a glass substrate, along with abrasives, to facilitate material removal from the glass compo-
nent. In 1945, L. Balamuth filed the first patent on ultrasonic machining, demonstrating the
impact of tools with a mixture of grains and the material removal process [98,102,106,107].
Although ultrasonic vibration-assisted machining improves surface quality, its productivity
is often compromised due to the reduced material removal rate and some geometric imper-
fections [98,108]. To overcome these limitations, the rotary ultrasonic machining (RUM)
technique has been developed. Rotary ultrasonic machining (RUM), pioneered by Percy
Legge in 1964 at the United Kingdom Atomic Energy Authority (UKAEA), is an unconven-
tional hybrid process deemed non-electrical, non-thermal and non-chemical [98,109,110],
and for which several machine tool manufacturers have introduced specialized ultra-
sonic cutting machines and tools tailored for processing Nomex honeycomb composite
structures. Prominent manufacturers employing ultrasonic technology include DMG
MORI [111], American GFM [112], Tongtai Machine & Tool Co., Ltd. [113], MS Ultra-
sonic Technology Group [114], OptiPro Systems [115], CRENO [116], COMI Group [117],
SONOTEC [118] and MAQ [119], while numerous researchers have investigated the inte-
gration of ultrasonic machining systems with diverse machine tools and their processing
mechanisms for various materials. Among the various approaches, research has explored
ultrasonic vibration-assisted electrochemical machining (UVA-ECM) processes [120–146]
and ultrasonic, ultrasonic vibration-assisted turning (UVA-Turning) [147–164], as well as
ultrasonic rotary machining [165–177]. Currently, the integration of ultrasonic vibration-
assisted processing systems with robotic arms is a major research topic in the field of the
ultrasonic machining of difficult-to-work materials, including Nomex honeycomb com-
posite structures. Figure 11 showcases ultrasonic processing equipment tailored for the
Nomex honeycomb composite core, including the integrated ultrasonic machining system
(THU-850), the PaR LM series precision motion platform for bridge-type ultrasonic machin-
ing systems, and the robotic arm ultrasonic machining system.
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Figure 11. Ultrasonic machining system for Nomex honeycomb composite structure [178]:
(a) integrated configuration for rotary ultrasonic machining (THU-850); (b) robotic arm configu-
ration for rotary ultrasonic machining (GEBE2-SONIMAT technology).

The essential elements of ultrasonic processing devices, combined with conventional
blade and circular knife-cutting tools for milling carbon-fiber-reinforced composites materi-
als, are shown in Figure 12.

Figure 12. Schematic of the UVA treatment system for Nomex honeycomb composite structures [178].

Figure 12 provides an overview of the ultrasonic processing system specifically designed
for the Nomex honeycomb composite core. Ultrasonic machining of these composites involves
converting electrical energy into mechanical vibrations: the high-frequency electrical signals
produced by the ultrasonic generator are transmitted to the ultrasonic transducer, which
transforms them into mechanical vibrations at the ultrasonic resonance frequency. These
vibrations are then amplified by a device called an “ultrasonic horn” before being transmit-
ted to the cutting part of the cutting tool. Effective matching of the ultrasonic transducer,
ultrasonic horn and ultrasonic cutting tools is essential to ensure the resonant frequencies
and vibration amplitudes required for Nomex honeycomb composite structure processing.
In ultrasonic vibration-assisted processing systems, the transducer and ultrasonic horn are
pivotal components, known for their precision and intermittent contact between the cutting
tool and the workpiece, making them favorable for machining Nomex honeycomb composite
structures and minimizing surface defects. These systems are generally divided into two
main categories: those using straight or triangular blades and those using circular knives.
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Straight or triangular blades are preferred for rough cutting operations and the rapid removal
of large quantities of material, while circular knives are more suited to profiling and finishing
Nomex honeycomb composite structures. Subsequent sections of this paper will meticulously
examine cutting tool designs, processing system integration and processing mechanisms,
along with experimental and numerical findings.

3.1. Ultrasonic-Assisted Straight-Blade Machining Systems

Research on the integration of processing systems with straight-blade tools and ultrasonic
machine tools for Nomex honeycomb composite structures is still at a preliminary stage. It
faces challenges such as the complexity of the integrated system, and in understanding the
processing mechanism, studying the surface formation process, and optimizing the processing
parameters. The key elements of these systems include an ultrasonic transducer, an ultrasonic
horn, and an ultrasonic straight-blade cutting tool. The configuration of the cutting tools and
the integrated structure of the system are shown in Figure 13. Furthermore, Hu et al. [179]
focused on examining the specific challenges associated with the ultrasonic-assisted cutting of
honeycomb structures (HCS) using triangular blades. This study also includes an analysis of
orthogonal cutting as well as the influence of machining conditions on surface quality and the
cutting forces generated. Xia et al. [59] analyzed the challenges associated with the structural
design parameters of ultrasonic cutting discs used in the processing of Nomex honeycomb
structures, as well as the fracture mechanics. This research also explored how tools’ geometric
parameters influence energy density and stiffness.

Figure 13. Treatment system with a straight blade [27].

The rise of industrial robots in manufacturing reflects a shift in production methods
from mass production to mass customization. Robotic machining has the advantage of
high flexibility compared to conventional machine tools, allowing robots to perform various
machining processes by simply adjusting their tools or end effectors. This adaptability
enhances the agility of companies and their ability to respond effectively to changing market
demands. In addition, robots offer notable advantages, such as a large workspace, great
freedom of movement and the ability to be deployed in mobile environments, all at a lower
cost [180–182]. Robotic processing systems are generally structured in two ways: either with
a serial manipulator or by attaching a spindle to the robot’s end effector. To meet the needs
of a three-dimensional machining process, a spindle can be mounted on the fifth joint of the
manipulator robot, thus avoiding the complexity associated with the sixth joint and reducing
the impact of external forces on the process. This configuration is illustrated in Figure 14.
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Figure 14. Serial robotic machining systems: (a) spindle attached to the end-effector; (b) spindle
attached to 5th joint [181].

In today’s industry, the large-scale integration of robotic processing systems remains
less widespread than that of specialized machine tools, due to several factors. First, robotic
systems are more complex to implement. In addition, their accuracy is often lower than that of
specialized machine tools, and they can have larger geometric errors. Finally, the high number
of processing errors poses an additional challenge. These obstacles currently limit their large-
scale adoption in industry. Recent studies have revealed two main categories of error in robotic
processing systems. On the one hand, geometric errors often result from the misalignment of
robot workstations and the deviations between the nominal and actual values of kinematic
parameters. On the other hand, non-geometric errors are caused by environmental factors
such as temperature, atmospheric pressure, humidity and dust pollution, as well as internal
elements such as friction, backlash, limited controller bandwidth and low rigidity of the robot
manipulator. It is important to note that the rigidity of industrial robots is typically about
50 times lower than that of dedicated conventional machine tools. The variations and errors
observed in robotic machining systems are illustrated in Figure 15.

Figure 15. Errors of the robotic machining system [182].

3.1.1. Analysis of the Characteristics of Straight Knife Processing on the Machinability of
Nomex Honeycomb Composite Structures

The amplitude and resonance frequency of ultrasonic vibrations play a crucial role
in processing systems using straight blades. When designing these tools, it is essential to
select and optimize all parameters, considering these variables. An experimental study by
Wang [183] investigated the impact of cutting conditions on surface quality and cutting
force, revealing that the tool tilt angle and vibration amplitude influence these criteria.
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Meanwhile, in a complementary approach, Xiang [184] analyzed the surface defects re-
sulting from the straight-knife cutting direction variations in conjunction with ultrasonic
vibrations. In addition, Kang [185] developed a theoretical model to evaluate the cutting
force during the straight-knife machining of the Nomex honeycomb composite core, high-
lighting the influence of processing parameters and tool design on the cutting force and
surface quality. Cutting force is the stress exerted on the cutting edges of straight-blade
cutting tools during the machining of Nomex honeycomb composite structures, repre-
senting the material removal resistance. Its analysis is crucial to validate and optimize
the design parameters of ultrasonic straight-blade cutting tools, as well as the associated
processing variables. This analysis is based on various methods such as mathematical
modeling, finite element simulations and empirical experiments. The efficiency, cutting
force, and surface quality of workpieces in ultrasonic straight-blade cutting systems are
significantly impacted by their design parameters. Straight-blade cutting tools for Nomex
honeycomb composite structures are typically developed based on the resonance principle,
ensuring optimal performance. High-speed steel (HSS-W18Cr4V) is a common option for
such cutting tools. Figure 16 illustrates the design features of the straight-blade cutting tool
and the schematic of the machining process.

Figure 16. Parameters for designing the straight-blade cutting tool and diagram of the machining
process [184].

In the machining of honeycomb composites, ultrasonic straight-blade cutting tools
are favored for various tasks, such as rough machining, cutting and edging. The V-shaped
cutting method is often used for the initial processing of these materials. Ultrasonic
conventional blade cutting tools make two successive passes on an identical trajectory
to obtain a V-shaped surface, by transmitting ultrasonic vibrations through an acoustic
spindle device to the tool’s axis of symmetry. This approach allows for efficient V-shaped
rough processing of the honeycomb composites while ensuring optimum cutting quality.
The process involves the synchronization of two movements: the programmed movement
of the tool along its trajectory and the ultrasonic vibration along the central axis of the
device. During ultrasonic processing, the straight-blade cutting tool comes into contact
with the part irregularly, causing high-energy impacts on its surface. This induces shear,
compression and tearing forces, leading to the formation of microcracks in the material.
The sharp edges of straight-blade cutting tools facilitate burr-free and fiber-free cutting on
the machined surface, as depicted in Figure 17, which illustrates the cutting process and
the geometric correlations among tool angle, rake angle, cutting speed and the trajectory of
the sharp cutting tool through ultrasonic longitudinal vibration-assisted cutting.
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Figure 17. Mechanism of operation for straight blade tools: (a) machining methodology, (b) variables
in processing, and (c) trajectory of the cutting tool through rotary ultrasonic machining [184].

To fully comprehend the cutting mechanism associated with straight-blade cutting,
it is crucial to examine the cutting tool displacement and speed, which are determining
factors in the machining process of honeycomb composites with this technology. The
displacement and velocity parameters of straight-blade cutting tools can be defined using
various notations such as A for the ultrasonic longitudinal vibration amplitude, vf for the
feed rate, β for the tilt angle, α for the defective angle, f for the ultrasonic vibration frequency,
t for time and Sx, Sy, Sz, Sx, Sy and vz for the tool displacements and velocities along different
axes. The relevant equations have been documented in the literature [179,184,186].

Sx = ASin(2π f t)·Cosβ + v f ·t
Sy = ASin(2π f t)·Sinβ· Sinα
Sz = ASin(2π f t)·Sinβ · Cosα

(1)

By deriving Equation (1), the speed can be determined as follows:
vx = 2π f A Cos(2π f t)·Cosβ + v f ·
vy = 2π f A Cos(2π f t)·Sinβ · Sinα
vz = 2π f A Cos(2π f t)·Sinβ · Cosα

(2)

Referring to Equations (1) and (2), two cases are possible when processing honeycomb
composites with a straight blade: continuous processing and discontinuous processing.

• In the case of continuous processing, when the feed direction of the straight-blade
cutting tool matches the speed direction vf during the entire cutting cycle, constant
contact between the cutting tool and the workpiece is maintained during processing.
In this situation, the feed rate equation can be formulated as follows:

v f ≥2π f A Cosβ (3)

• In the case of discontinuous processing, when the straight-blade cutting tool moves
rapidly in the opposite direction to vf during a specific period of the ultrasonic cycle,
periodic contact between the cutting tool and the workpiece occurs. This case can be
described as follows:

v f <2π f A Cosβ (4)

3.1.2. Impact of Straight Knife Treatment on the Nomex Honeycomb Structure: Machined
Surface Quality and Cutting Force

The assessment of the influence of the design parameters of the straight knife pro-
cessing system, including aspects such as tool thickness, tool tilt angle, tool length, and
tool material, as well as processing variables such as ultrasonic longitudinal vibration
amplitude, tool tilt angle, cutting depth and width and feed rate, on the cutting perfor-
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mance and machined surface quality, is commonly carried out using analytical approaches,
finite element simulations and experimental tests. Usually, the practical organization for
carrying out the experimental process of processing straight Nomex honeycomb composite
blades with the assistance of ultrasonic longitudinal vibration includes several components,
including an ultrasonic acoustic system, a multi-axis numerical control machine tool, a dy-
namometer for measuring cutting force, a data acquisition device, an ultrasonic generator,
a power transfer mechanism and various necessary accessories. These components are
presented in detail in Figure 18.

Figure 18. Experimental setup for Nomex honeycomb composite structure treatment with a straight
blade using ultrasonic longitudinal vibrations [27].

Figure 18 shows an ultrasonic-vibration-assisted machining setup, where the Nomex
honeycomb composite core is fixed to the base of the fixture using double-sided tape and
securely anchored to the machine table. A Kistler force gauge, positioned between the
machine table and the workpiece, is used to measure the cutting force. During ultrasonic
longitudinal vibration processing, the periodic interaction between the cutting tool and the
workpiece generates impacts that promote the formation of microcracks in the material.
The machining of Nomex honeycomb composites with straight or triangular blade cutting
tools does not require any rotational motion. Furthermore, ultrasonic machining and
conventional processes can be alternated simply by switching the ultrasonic power of
the generator on or off, thus using the same experimental setup. In this context, the
experimental results highlight that the ultrasonic longitudinal vibration-assisted processing
produces a superior surface quality compared to the conventional process, under identical
processing parameter conditions (Figure 19a). Furthermore, a gradual increase in the burr
rate and tearing of the machined surface is observed with the increase in the inclination
angle during the ultrasonic-vibration-assisted cutting of the Nomex honeycomb composite
structure (Figure 19b). The study by Ma et al. [27] provided strong evidence for the
effectiveness of ultrasonic processing in reducing cutting force and improving surface
quality compared with conventional methods. In addition, the results of the mathematical
model were consistent with the experimental data, thus strengthening the reliability of
the approach used. So far, the literature on the processing of straight blades of Nomex
honeycomb composite structures assisted by ultrasonic longitudinal vibration remains
limited. A few works have addressed this topic from various angles, including cutting
force models, finite element (FE) simulations, cutting tool design, processing parameter
optimization, kinematic analyses and fracture mechanics theory [183–191].
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Figure 19. (a) Surface quality of the double honeycomb core wall; (b) effects of the inclined angle on
surface quality during the ultrasonic cutting [183].

In their study, Xiang et al. [184] observed a negative correlation between cutting force and
both vibration amplitude and tool tilt angle. On the other hand, a positive correlation was noted
between cutting force, deflection angle and feed rate. Ultrasonic cutting tests conducted by
Xiang demonstrated that this technique reduces the cutting force compared to the traditional
method (see Figure 20). Furthermore, Ma et al. [27] developed a mini ultrasonic cutting system
and modeled it mathematically. Their in-depth analysis revealed that the use of ultrasound
decreased the cutting force and improved the surface quality compared with conventional
methods. The experimental results were found to be consistent with the predictions of the
mathematical model, thus validating the effectiveness of the ultrasonic method.

Figure 20. Evolution of the cutting force as a function of the deflected angle [183].

3.2. Ultrasonic-Assisted Circular Slope Machining Systems

Systems equipped with circular knives are specifically designed to optimize surface
quality and remove excess material from Nomex honeycomb composite structures. Com-
pared to systems using straight blades, those equipped with circular knives introduce
additional complexity due to the integration of rotary motion. These systems include
essential elements such as an ultrasonic transducer, an ultrasonic horn, and a circular knife
specially adapted for ultrasound. The geometric characteristics of circular cutters are cru-
cial, as they directly influence the vibrations produced and the resonance frequency of the
system. Figure 21a illustrates the geometrical parameters of these tools, while Figure 21b
details the integrated configuration of the system with a circular cutter, highlighting the
importance of these parameters in the design and operation of the system [189].
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Figure 21. Cutting tool used to cut the Nomex honeycomb composite core: (a) UCK cutting tool;
(b) UCSB cutting tool [189].

Material selection for cutting tools in ultrasonic vibration-assisted processing is crit-
ical to ensure maximum efficiency. This process, which uses high-frequency ultrasonic
vibrations applied directly to the cutting tool, requires materials that are highly resistant
to dynamic loading. Commonly selected materials include high-speed steel (HSS), alloy
tool steel, cemented carbide, carbon tool steel and ceramics. Each material offers specific
advantages and limitations. For example, ceramic, while very hard and wear-resistant, has
low toughness, making it vulnerable to impact. Cemented carbide, on the other hand, offers
high hardness but can be brittle when faced with sudden impacts. Carbon tool steels, while
economical, offer lower abrasion resistance compared to other more specialized alloys.
Alloy tool steels, on the other hand, are suitable for lower cutting speeds due to their good
resistance to high temperatures. High-speed steel (HSS) is often the preferred choice for
circular knife tools, due to its excellent toughness, stiffness, abrasion resistance, and impact
resistance characteristics. This combination of properties makes HSS an ideal candidate to
withstand the stresses imposed by high frequencies of ultrasonic vibrations [190].

3.2.1. Analysis of the Characteristics of Circular Knife Processing on the Machinability of
Nomex Honeycomb Structures

The study conducted by Xu et al. [190] focused on the analysis of the structure of
a disc cutter. Its main objective was to determine the optimal parameters that influence
the performance of the disc cutter, including its diameter (d), the cutting angle (θ) and
the thickness of the disc (h) (Figure 22). To do this, a single-factor modal simulation was
proposed, a method allowing us to understand the impact of each parameter in isolation on
the dynamic properties of the disc, such as its natural vibration frequency and its response
to mechanical stresses. Optimizing these parameters is of critical importance to maximize
cutting efficiency while minimizing wear and harmful vibrations, contributing to the better
durability and performance of the cutting system.

Figure 22. Geometric structure of a disc cutter [189].
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Figure 23 presents the results of the modal analysis for different tool parameters. As
per Figure 23a, it was observed that when the diameter was kept constant, the resonance
frequency was positively correlated with the increase in thickness. When the tool thickness
varied from less than 1 mm to more than 1 mm, increasing by an average of 0.1 mm, the
resonance frequencies increased by 1.7 kHz and 2.2 kHz, respectively. Furthermore, a decrease
in the rake angle was associated with a steeper slope of the curve. Figure 23b reveals that at
constant rake angle, the resonance frequency exhibits a negative correlation with increasing
tool diameter. When the diameter is less than 30 mm, the frequency decreases by 3.2 kHz
for each additional millimeter, while above 30 mm, the decrease is 0.37 kHz per additional
millimeter. Additionally, increased tool thickness is associated with a steeper slope of the
curve. Figure 23c reveals that at constant thickness, the resonance frequency shows a negative
correlation with increasing rake angle, and this decreasing trend remains relatively stable with
an increasing rake angle. Moreover, an average increase of 1◦ in rake angle is associated with
a decrease in resonance frequency of 78 Hz, 33 Hz, and 11 Hz, respectively. Furthermore, as
the diameter increases, the sensitivity of the rake angle to the change in resonance frequency
decreases. In this context, Shahzad [191] conducted an extensive study on the processing
technologies and mechanisms associated with Nomex honeycomb composites, emphasizing
several key points. These points included the design challenges of ultrasonic circular knife-
type cutting tools and the impact of the geometry of these tools on the resonance frequency,
as well as finite element simulations of integrated ultrasonic circular knives and ultrasonic
cutting tools. Ke [59] undertook an analysis of the many challenges related to fixture reliability,
reduced machining efficiency and surface integrity of the Nomex honeycomb composite
structure. With this in mind, he proposed a new assembly approach, based on magnetic
principles and friction theory, to address these issues.

Figure 23. Impact of tool variables on resonance frequency: effect of (a) tool thickness,
(b) tool diameter and (c) tool corner angle on resonance frequency [190].

3.2.2. Impact of Straight Knife Treatment on Nomex Honeycomb Structure: Machined
Surface and Cutting Force

Ultrasonic vibration-assisted machining equipment uses circular blades, classified
into longitudinal and longitudinal–torsional ultrasonic vibration systems. The ultrasonic
longitudinal vibration-assisted milling of Nomex honeycomb composite structures with
a circular cutting tool involves three motions: longitudinal vibration along the spindle
axis, spindle rotation and tool feed in the cutting direction. Thus, the treatment process
involves the effect of ultrasonic vibrations on the workpiece at a determined vibration
amplitude. This causes the short and fragile fibers of the Nomex honeycomb composite
structure to break and generates microcracks on the surface of the substrate. In addition,
the combination of the high-speed rotation of the ultrasonic vibration-assisted circular
cutting tool and its feed produces a shearing action to cut the material and remove debris
from the cutting area, thus ensuring a smooth surface and high finish quality. In contrast,
when processing Nomex honeycomb composite structures using ultrasonic longitudinal–
torsional vibration-assisted circular knife systems, an extra torsional motion is introduced
compared to processing with simple longitudinal vibration. The cutting tools thus perform
four separate motions concurrently. During the machining process, the circular cutting
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tool contacts the workpiece at the points of maximum amplitude, while no contact is
established between the cutting tool and the workpiece during the rest of the vibration
cycle. In addition, during the ultrasonic longitudinaltorsional vibration cutting process,
the ultrasonic torsional vibration of the circular cutting tool alternates with its rotational
motion, creating a saw-like cutting action on the cellular structure of the thin walls of the
Nomex honeycomb composite structure. This saw-like cutting action, performed by the
ultrasonic vibration-assisted circular cutting tool, improves process efficiency and promotes
the fragmentation of Nomex fibers, which are both short and fragile, while allowing the
removal of material from the part with improved surface quality. Due to the application
of ultrasonic longitudinal and torsional vibrations, as well as the cellular nature of the
Nomex honeycomb composite structure, a precise gap is maintained between the cutting
tool and the part through the machining cycle. This setup aids in decreasing frictional
forces between the machined surface and the cutting tool, thereby reducing defects like
tearing, delamination of aramid fibers, dust generation and the buckling of cell walls. The
schematics describing the processing mechanism involving the ultrasonic vibration-assisted
circular knife tool of Nomex honeycomb composite structures are exposed in Figure 24.

Figure 24. Mechanisms of action of circular tools on Nomex honeycomb composite structure: longitudinal
and torsional vibration [66].

The exploration of processing mechanisms is of crucial importance in the development
and improvement of processing systems using circular knives. This research provides essen-
tial foundations for optimizing cutting conditions, designing cutting tools, and evaluating
the overall efficiency of processing systems. As shown in Figure 24, the circular cutting
tool oscillates along the z-axis with a specific vibration amplitude, while moving along the
y-axis at a defined velocity, denoted by Ve. The displacement and velocity equations for the
ultrasonic longitudinal vibration of circular knife processing can be expressed as follows,
using the following variables: A for the amplitude of the ultrasonic vibration, Sf for the
displacement of the vibration, f for the resonance frequency and vy and vz for the velocity
components in the Y and Z directions, respectively, according to the references [59,192–194].

s f = A Sin(2π f t) (5)

From Equation (5), the velocity components can be deduced.

vz =
ds f

dt
Cosθ= 2π f A Cos(2π f t) Cosθ (6)

vy =
dsy

dt
Sinθ= 2π f A Cos(2π f t) Sinθ (7)

If we define r as the rotation radius of the disc tool, n as the spindle speed, t as the time,
A1 as the amplitude of torsional vibration, A2 as the amplitude of longitudinal vibration, f
as the frequency of ultrasonic vibration and φ0 as the phase difference between longitudinal
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vibration and torsional vibration, then the motion trajectory of the cutting tool for ultrasonic
longitudinal and torsional vibration processing can be formulated as follows:

Sx1 = r Cos
( 2πnt

60 + A1Sin(2π f t)
)
+ v f t

Sy1 = r Sin
( 2πnt

60 + A1Sin(2π f t)
)

Sy1 = A2 Sin (2π f t + φ0)

(8)

The experimental setup for ultrasonic vibration-assisted circular knife machining con-
sists of a BP4610 ultrasonic feeder, a high-frequency compensation capacitor, an ultrasonic
spindle with a BT40 tool holder, an acoustic device (horn and transducer), an ultrasonic
circular knife, a clamping platform, a KISTLER dynamometer, a machine tool and a com-
puter for data recording. Figure 25 illustrates the experimental setup devised by Tsinghua
University of China for processing Nomex honeycomb composite structures using rotary
ultrasonic vibration-assisted circular knives.

Figure 25. Experimental device for the application of circular knife treatment on the Nomex honey-
comb composite structure [189].

The main performance characteristics of the ultrasonic machine tool include an ul-
trasonic resonance frequency of 20 kHz, a vibration amplitude of up to 27 µm, ultrasonic
power up to 2 kW, a spindle speed up to 10,000 rpm, and the BT40 tool holder. Firstly, it
is possible to determine the resonance frequency of the structure of the rotary ultrasonic
machine by using the controls of the BP4610 bipolar ultrasonic power supply system.
Subsequently, the vibration amplitude can be quantified at different voltages using the
LK-H020 CMOS laser displacement sensor, which is managed by the KEYENCE LK-G5000
series system and the LK-Navigator software interface. In summary, the surface analysis
of the Nomex honeycomb composite structure’s machined parts can be performed with
an optical microscope (Model 55XA, SOIF, Shanghai, China). The repeated interaction
of the cutting tool with the workpiece, combined with the impacting vibrations, induces
microcracks in the brittle aramid fibers of the composites. These cracks, exacerbated by the
ultrasonic vibrations, propagate across the surface, facilitating the cutting of the material
with less effort required by the cutting tool. As a result, the use of ultrasonic vibrations
during circular knife processing reduces the cutting force required, thus improving the
quality of the machined surface of the Nomex honeycomb composite structure. The impact
of various processing parameters on cutting force and surface quality is summarized as
follows (See Figure 26) [189]:
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• Spindle speed impact: An increase in spindle speed results in a reduction in cutting
force, due to the increase in the kinetic energy of the circular tool, which overcomes
the propagation of cracks on the substrate surface. However, excessive spindle speed
can raise the cutting temperature, potentially accelerating tool wear.

• Cutting width effect: By widening the cutting width, the contact surface between the
cutting tool and the workpiece becomes larger, which increases the frictional resistance
during the cutting process. This leads to an increase in the force required for cutting.

• Impact of feed rate: The cutting force increases with increasing feed rate, due to the
increase in the volume of material removed per unit time. If the vibration ampli-
tude remains constant, the propagation of cracks under the unit surface slows down,
resulting in an increase in the required cutting force.

• Effect of vibration amplitude: At a higher vibration amplitude, the crack propagation
length under the intermittent impact of the cutting tool will be longer, leading to a
decrease in cutting force. Therefore, an increase in vibration amplitude results in a
reduction in cutting force.

Figure 26. Evolutions of the cutting force components (Fx, Fy): (a) feed rate; (b) spindle speed;
(c) amplitude; (d) cutting width [189].

The vibration mode plays a crucial role in the cutting process. Compared with longitudinal–
torsional ultrasonic vibration, longitudinal ultrasonic vibration generates a higher cutting force.
Longitudinal–torsional vibrations, by simulating the action of a saw, facilitate the propagation of
cracks under the cutting tool. This combination allows for more efficient cutting with reduced
cutting force, resulting in better surface quality (Figure 27).

Figure 27. Influence of vibration mode on cutting forces and machined surface quality [192]:
(a) Cutting force as function feed rate; (b) Cutting force as function spindle speed; (c) The ma-
chined surface resulting from longitudinal vibration; (d) The machined surface resulting from
longitudinal-torsional vibration.
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To better understand RUM-assisted machining with the UCSB cutting tool, Zarrouk et al.
developed a three-dimensional numerical model based on the finite element method using the
commercial software ABAQUS/Explicit in its version 6.17 [195–197]. Their model was able to
accurately predict the influence of vibration amplitude on the cutting force components Fx
and Fy, machined surface quality and chip size. These predictions are essential for optimizing
the efficiency and accuracy of machining operations, as illustrated in Figures 28–30.

Figure 28. Evolutions of the cutting force components (Fx, Fy) [196].

Figure 29. Evolution of the machined surface as a function of the vibration amplitude [196].

Figure 30. Chip sizes for different vibration amplitudes [196].

The results presented by Zarrouk et al. highlight the significant impact of vibration
amplitude on the machining process. Indeed, an appropriate vibration amplitude was
identified as effectively reducing the cutting force components, resulting in a decrease in the
force applied during cutting. In addition, this controlled vibration has helped to improve
the quality of the machined surface by reducing defects and increasing the uniformity of its
texture. At the same time, the use of this vibration amplitude has also been associated with
the production of reduced-size chips, facilitating their management and reducing the risk
of damage or disruption to the machining process. These findings highlight the importance
of vibration amplitude in optimizing the machining performance of Nomex honeycomb
composite structures and pave the way for significant improvements in this area.
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Cutting tool wear during the machining of Nomex honeycomb structures is extensively
covered in the literature. In this context, Zha et al. [198] analyzed how this wear can
compromise processing accuracy. Their study proposes a radial difference calculation
(RDC) method to evaluate tool wear and reveals that ultrasonic vibrations can reduce wear
by up to 36%. Furthermore, it shows that heat treatments, particularly vacuum quenching,
improve tool performance, with wear reductions of up to 64%. Xiang [66] focused on the
kinematic aspects and processing mechanisms and developed cutting force models. He
also compared the surface quality obtained with circular knife cutting tools and processing
methods using ultrasonic longitudinal vibrations, with ultrasonic longitudinal–torsional
vibrations applied to the Nomex honeycomb composite structure.

Based on the previous data, we observed that when milling the Nomex honeycomb
structure assisted by ultrasonic vibrations, the differences between using a straight blade
and a circular blade are significantly manifested in terms of performance, cutting quality
and application. The straight blade, used mainly for straight line milling operations, has
certain advantages in milling Nomex honeycomb structures with assistance from ultrasonic
vibrations. Ultrasonic vibrations applied to a straight blade improve the cut quality by
reducing the cutting forces required and decreasing tool wear. This technique allows for
more precise cutting and a smoother surface finish, especially for flat sections and straight
contours. However, the straight blade may be less suitable for complex or curved cuts,
as it is optimized for linear movements. Ultrasonic vibrations help to reduce material
build-up issues and burrs on the cut surface, but performance may be limited for more
elaborate geometries. Additionally, the complexity of installing and maintaining ultrasonic
systems can increase operational costs and setup times. In contrast, the circular blade, when
used for ultrasonic vibration-assisted milling, offers distinct advantages for processing
Nomex honeycomb structures. The circular blade is particularly effective for circular cutting
or sawing operations, where it can make clean and uniform cuts on wider and thicker
sections of material. The ultrasonic vibrations applied to the circular blade help reduce
heat generation, which is crucial to avoid the warping of heat-sensitive material, such as
Nomex. The circular blade also helps to maintain uniform cutting quality around the entire
circumference of the tool, reducing cutting defects and improving surface finish. However,
as with the straight blade, the integration of ultrasonic technology can add complexity
to the system and incur additional costs for installation and maintenance. Additionally,
vibrations can cause accelerated wear of the circular blade, especially if the system is not
properly adjusted. In summary, the straight blade is ideal for linear milling operations
and straight cuts, while the circular blade excels in circular cuts and sawing operations on
larger sections. The use of ultrasonic vibration improves performance in both cases, but
each blade type has specific advantages and disadvantages that must be considered based
on application requirements and desired cutting geometries.

4. Conclusions

This study systematically analyzes the properties of Nomex honeycomb composite
materials, the design parameters of processing systems, and the machining mechanisms. It
explores the influence of geometric parameters of cutting tools on machining performance
and examines the impact of processing parameters on cutting force and surface quality.
In addition, it presents and evaluates theoretical models of the machining mechanisms,
thus providing an in-depth and integrated understanding of the determining factors for
optimizing the machining processes of Nomex honeycomb structures.

• Conventional processing technologies dominate the large-scale production of Nomex
honeycomb structures in the aerospace, defense and automotive industries due to
their simplicity. However, they are subject to tool wear, dust pollution, surface damage
and machining defects. Thus, to improve the accuracy and quality of Nomex honey-
comb composite structure treatments, research is turning towards the development of
ultrasound treatment technologies.
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• Ultrasonic machining is preferred for processing Nomex honeycomb composite struc-
tures due to the periodic contact between the cutting tool and the workpiece. The
ultrasonic vibrations generated during contact reduce the cutting force, limit tool wear,
minimize surface defects and ensure high surface quality. It is imperative to conduct
in-depth research on the design parameters and the design of ultrasonic cutting tools,
as well as ultrasonic cutting mechanisms, in order to effectively adapt them to the
large-scale machining of Nomex honeycomb composite structures.

• Cutting conditions significantly impact the cutting force and surface quality of Nomex
honeycomb composites. Increasing the feed rate, cutting width, and depth increases
cutting force and decreases surface quality. Higher spindle speeds and vibration
amplitudes improve surface quality and reduce cutting force. Straight knives are used
for roughing, while circular knives are preferred for finishing, routing, flat surfacing
and profiling, taking advantage of the superior benefits of ultrasonic longitudinal–
torsional vibration in terms of surface quality and reduced cutting forces compared to
ultrasonic longitudinal vibration.

• Machining defects and the surface quality of Nomex honeycomb structures vary
between conventional machining and ultrasonic vibration-assisted machining, with
the latter generally providing a better finish and fewer imperfections.

• The merging of ultrasonic processing systems with robotic arms signifies an advancing
technology, yet its application in robotic machining is hampered by several errors.
Geometric errors stem from the misalignment of robot workstations and disparities
between nominal and actual kinematic parameter values. Non-geometric errors arise
from environmental factors like temperature, humidity and dust, alongside issues like
friction, limited controller bandwidth and insufficient manipulator robot rigidity.
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Nomenclature

NHC Nomex Honeycomb Composite Structure
UVA Ultrasonic Vibration-Assisted Machining
CNC Computer Numerical Control
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