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1 Introduction

The ultrasonic vibrations find their applications in various conventional manu-
facturing processes to cope with their multiple shortcomings [25]. For example,
ultrasonic-assisted machining, forming, welding, friction stir welding are well-
established and niche techniques [8, 24, 28, 32, 33, 39]. The ultrasonic vibrations
denote the soundwaves beyond humanhearing range and correspond to the frequency
range close to 20 kHz [21, 25]. Based on the frequency ranges, the categorization
of sound waves and their corresponding applications has been shown in Fig. 1. The
sound waves in the ultrasonic range can be used for various medical and manufac-
turing processes. Depending on the intrinsic elastic properties and densities, ultra-
sonic waves can travel with different velocities in different types of mediums [35].
The ultrasonic waves initiate mechanical vibrations into the medium and provoke
molecular displacement at the micron level. In the form of the wave, ultrasonic
vibrations can travel from one medium to another. However, their movement chiefly
depends on ultrasonic vibration frequency, amplitude, and medium of wave propa-
gation, etc. [35]. The ultrasound addition in additive manufacturing processes (AM)
process [68] is quite new and has gained serious attention from various researchers
across the globe.

The Ultrasonic Additive Manufacturing (UAM) is a solid-state manufacturing
process, invented and patented by Dr. White [74], and commercially marketed by
Fabrisonic LLC, USA. The UAM is based on the principle of boding the thin metal
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Fig. 1 Wave frequencies with their typical range and applications (‘Ultrasound’)

foils together sequentially using a similar concept as the ultrasonic metal welding
process [14]. The bond formation is done layer by layer on Computer Numer-
ical Control (CNC) machining to cut unwanted material and replicate the desired
shape and size (Fig. 2). Therefore UAM can be referred to as the hybrid manufac-
turing process involving metal addition and subtraction. Typically a UAM process
consists of a sequential arrangement of an ultrasonic generator, transducer, booster,
and horn/sonotrode. The detailed description of these components has already been
given elsewhere hence omitted in the present context [12, 25].

The UAM process involves the generation and transfer of ultrasonic energy from
the output end of the transducer to a metallic work-piece via specially designed
ultrasonic horn/sonotrode in the form of to and fro oscillations. The simultaneous
interaction of normal compressive load with the ultrasonic oscillation permits local-
ized heating of the material intended to work in the close vicinity of contact area,
allowing the inter-laminar material flow in that region. It is important to note that
the localized rise in material temperature in this process is considerably less to the
melting point temperature of respective metal (approximately 50% of the melting
temperature). Such a situation permits themetals to have solid-state interaction across
their adjoining regions in order to form a bond [37, 69].

This additive buildup by ultrasound-assisted solid-state joining followed by simul-
taneous selective subtraction can consequent many key manufacturing features such
as joining of mechanically and thermally dissimilar materials even of different thick-
nesses, retaining the original microstructure and grain orientation of parent metals
even after joining, safe inclusion/embedding of functional components such as elec-
tronic switches or sensors in between the metal foils. The material bonding in the
UAM process primarily depends on material processing and ultrasonic parameters
such as horn oscillation, the compressive force exerted on the work-piece, and the
travel speed of the horn. The selection of optimum values of all these parameters
is vital as any deviation may severely degrade the bond quality [22]. In a similar
context, Hopkins et al. [18] and Wolcott et al. [76] recognized the horn amplitude
and travel speed as the most influential parameters to achieve high strength bonds.
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Fig. 2 a–c Schematic
diagram of UAM process [3,
12, 61] (‘Printing Metal 3D
Objects Using Sounds’)
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2 Metallic Bonding of Dissimilar Materials

One of the most promising features of the UAM process is its capability to join
dissimilarmaterials under solid-state conditions even if there is a nominal gap in their
melting point temperature. This promising feature makes it stand out among various
other additive and traditional manufacturing techniques. In UAM, the inherent
mechanical and metallurgical properties of base metals remain intact due to the
absence of their melting. Thus makes it applicable for high-strength aerospace
aluminum alloys that are not susceptible to be thermally welded without any signif-
icant material property loss. The solid-state nature permits the reduction or elimi-
nation of brittle intermetallics (IMCs), whose massive formation has been reported
in conventional processes. It is essential to mention that brittle IMCs phases attract
lateral cracking and therefore severely degrade the structure’s joint quality [48, 80].
Several metal combinations that have been processedwith ultrasonic welding (USW)
may not have been attempted in UAM and therefore can be the hotspot for future
research. Figure 3 shows some knownmetal combinations that are available for USM
and UAM processes.

Furthermore, by adding different materials of different thicknesses in a predefined
manner, UAM can produce functionally graded laminates with great ease that can
be quite cumbersome by other conventional manufacturing methods. The metallic
foils can be placed alternatively in layers and welded into a layered structure to
form multi-material laminates (Fig. 4). Via placing different materials in different
thicknesses, the mechanical properties of the structure can be carefully controlled.
For example, Solidica Inc. has used this technique to produce aluminum and titanium
in varying ratios to develop armor applications’ layered structure.

Fig. 3 Material combinations applicable for USM and UAM [12, 19], Image courtesy of the
American Welding Society
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Fig. 4 a, b UAM dissimilar materials bonding for alternative layers of Al and Cu foils [12], Image
courtesy of Loughborough Universities Additive Manufacturing Research Group

TheUAM, being an advancedmanufacturing technique, can support themanufac-
turing of complex and challenging to produce shapes with high precision and excel-
lent surface finish. It can be due to the absence of the melting of the respective metals
that minimizes the dimensional ambiguities that are usually observed in shrinkages,
residual stresses, and distortion of metal parts [58]. The UAM is also effective in
producing various manufacturing components of several materials, such as metal
matrix composites, parts with embedded wirings, sensors etc., [50]. Frictional heat
produced in this process can be regarded as the major source of material bonding. It
can be approximately two times that of heat obtained from the plastic deformation
of the material [70]. Besides, the ultrasonic addition can add the shear scrubbing
that can break up the oxide layer formed on material surfaces. It permits the virgin
material surface to interact and bond between the layers [5]. The foils experience
intense acoustically induced softening due to ultrasonic vibrations, which affects
the material lattice and imparts the plastic deformation [34, 79]. The welds charac-
teristic and their formation mechanism during the ultrasonic-assisted process have
been documented by Shimizu et al. [64] by analyzing their microstructural evolution.
They observed that acoustic assistance could produce refined and equiaxed grains
in the stirred zone (SZ) due to the intense grain refinement and recrystallization
occurred by sequential heating and shear deformation. The grain refinement across
the joint regions for the first and second layers of the aluminum alloy parts can
be seen in Fig. 5 [64]. Dehoff and Babu [6], Mariani and Ghassemieh [45] have
analyzed the microstructural evolution during ultrasonic assistance to analyze the
possible bonding characteristics during the solidification and recrystallization stage.

To explain the importance and role of ultrasonic vibrations on the bonding mech-
anism during the UAM process, the microstructural analysis has been investigated
by several researchers. For example, Pal and Stucker [52] proposed a finite element
model to determine the microstructural evolution in case of the ultrasonic-assisted
process by adopting dislocation-density-based crystal plasticity theory. Their work
focused on the quasi-static formulation of large plastic deformation, material model
based on non-local dislocation density, and process boundary conditions. They
concluded that before and after processing, the grain size was reduced to 1.2 µm
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Fig. 5 Fine grains around
the interface regions between
the first and second layers in
the aluminum alloy parts
fabricated with ultrasonic
addition [49, 64]

from the average value of 13 µm. The simulated results were compared with exper-
imental data and found in good agreement. In the UAM process, the amplitude of
ultrasonic vibrations plays an important role in the process parameters’ effective-
ness. They affect the material flow and plasticity at the region of contact [70]. It
has been reported that the parts fabricated with high ultrasonic amplitude can yield
better tensile properties that almost approach the value of bulk materials [11]. Apart
from that, under the influence of large amplitudes, defects are suppressed greatly,
and better bonding is experienced in the fabricated aluminum parts as shown in Fig. 6
[67]. It could be because the large amplitude might induce a significant portion of
linear weld density with a more compact foil layer.

It is important to note that higher ultrasonic vibration amplitude induces severe
plastic deformation with enhanced material plastic flow that suppresses the defects
and improves the bonding [57]. The ultrasonic vibration induced consolidation is
also beneficial to produce the metal matrix composites. Their bond strength can also
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Fig. 6 Optical images of Al alloy parts produced by ultrasonic consolidation process a at lower
ultrasonic amplitude and b at higher ultrasonic amplitude [49, 67]

be analyzed by interface failure which depicts that a higher value of composite length
could minimize composite failure probability [16]. To have better knowhow of the
interfacial strength, Hehr and Dapino [17] analyzed the interface quality via a single
fiber pullout test. They concluded that the bondingwas dependent on the fiber surface
finish.

Apart from UAM, friction stir welding process (FSW) [2, 20, 55, 66, 77] added
with ultrasonic vibration has been found utilizing their virtue to promote the mate-
rial flow and enhance the bonding of metals across their joining regions [26, 72]. To
analyze the virtues of ultrasonic vibrations in the material joining process, recently
Kumar et al. [27] have designed and developed an ultrasonic vibration-assisted fric-
tion stir welding (UVaFSW) system (Fig. 7) similar to Park [54] andKumar [24]. This

Fig. 7 Schematic of ultrasonic assisted friction stir welding system [29]
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ultrasonic vibration is aimed to transfer the acoustic energy in the SZ via welding
tool. The aforesaid UVaFSW system comprises a specially designed ultrasonic horn,
front attachments, and a welding tool to safeguard the system and safely transfer
the ultrasonic energy at the required region. Roller bearings are added to smoothen
the process of ultrasonic vibrations from the stationary horn to the rotating FSW
tool. In order to gather further details on UVaFSW system, readers can refer the
author’s previous work Kumar et al. [27, 28, 30], Kumar and Wu [33] have reported
major benefits of ultrasonic energy on the joint quality. Additionally, the axial force,
torque, and power requirements can also be significantly reduced, which can help
to reduce the tool wear and enhance its life. An enhanced material plasticization of
the SZ under intense acoustic softening can be reasoned for better joint quality. The
ultrasonic addition also favors to reduce the flow stresses and improve the material
flow under the vicinity of the ultrasonic vibration zone.

Park et al. [53] enforced the ultrasonic vibrations with the FSW process on the
welding tool along the horizontal direction. They found a substantial drop in axial
force andmarginal rise inweld properties. In a similar ultrasonic addition,Kumar [24]
claimed a notable reduction in axial downward force and significant improvement
in weldment properties during FSW of Al alloys. However, the frequent failures of
horn attachments are evident during experimentation, which restricts their results’
reproducibility. Ruilin et al. [60] added a similar mode of ultrasonic energy and
reported that the impact of acoustic addition on temperature fields in the FSWprocess
is less effective at lower welding speeds. It can be attributable to additional heat
addition due to ultrasonic vibrations. At lower rotation speeds, the peak temperature
was identical for both the processes, while a reduction in maximum temperature is
higher in the case of FSW than the UVaFSW for higher welding speeds.Ma et al. [44]
reported that the weld properties were enhanced during ultrasonic addition in FSW
when acoustic intensitywas 50%.Amini andAmiri [1] also found a notable reduction
in FSW axial force during ultrasonic addition, which could be due to improved weld
penetration [1, 24]. Their analysis emphasized that an increase in welding speed in
the FSW process could increase the axial force marginally, while the same could
be reduced with an increase in rotation speed. The ultrasonic addition could cause
better material stirring and enhanced plastic flow. The weld strength and elongation
are also improved by ~10% during ultrasonic addition in the FSW process.

Liu et al. [40] designed and developed a novel ultrasonic vibration enhanced
FSW (UVeFSW) system via simple linkages, where ultrasonic energy is imparted
on the work-piece just ahead the welding tool by the sonotrode inclined at ~ 40°.
They obtained better material flow and improved weld properties using such kind of
UVeFSW system. Liu et al. [41] discovered that better joint quality in the UVeFSW
process is due to intensive material plasticization and reduced HAZ. The weld
microstructures analysis reported that the ultrasonic addition could improve themate-
rial mixing, deformation in the SZ, and enlarge the thermo-mechanically affected
zone (TMAZ).Theweld strengthwas increasedmarginally due to the improvedmate-
rial flow. Liu et al. [40] analyzed the material flow during the UVeFSW of Al alloy
by utilizing a marker insert and sudden stop-action method. During the UVeFSW,
they noticed intense material plasticization and improved material flow rate. It could
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Fig. 8 Temperature
variation for FSW and
UVeFSW process [81]

be due to supplementary material plasticization under ultrasonic addition. Shi et al.
[63] modeled the quasi-steady state of the UVeFSW process. Their model predicted
that the better material flow could be due to the ultrasonically influenced stirring
and flow stress reduction. The aforesaid ultrasonic-assisted model Shi et al. [63]
also discovered that the UVeFSW had minor effects on the overall heat addition and
temperature field during the welding. Zhong et al. [81] obtained a notable reduction
in tool torque and axial load with ultrasonic addition in FSW process. They also
compared the temperature field without ultrasonic addition (FSW) and UVeFSW as
shown in Fig. 8. During the weld advancement, the temperature rise in the UVeFSW
is reported higher compared to the FSW process. The maximum temperature differ-
ence is between the two processes is reported ~40 °C, which occurred 20 s before
the peak value. This signifies that ultrasonic vibration heat up the welding material
that causes it to experience higher temperature for a considerable time [81].

Theweldmacrographs at different process parameters for bothFSWandUVeFSW
processes are shown in Fig. 9. The boundary of pin affected zone of SZ in the case
of UVeFSW is surprisingly enlarged than that of FSW. The interface between the SZ
and TMAZ across the AS is also smoother for UVeFSW joints.

The FSW joints are found to have defects in the lower section of SZ because
of inadequate heat input and poor material mixing. On the contrary, most of the
UVeFSW joints are defect-free in SZ. It is attributable to better material mixing and
improved material flow [26, 81]. Liu and Wu [42] discovered that the tunnel defects
could be eliminated completely with ultrasonic induction in the FSW process. For
the FSW and UVeFSW processes, Padhy et al. performed microstructure evolution
across the SZ of Al alloy using the advanced microstructure techniques [51]. Their
outcomes have shown that acoustic addition has significantly refined the grains and
sub-grain formation at the SZ. Finally, ultrasonic addition in the FSW process has
been proven robust, beneficial, and superior in context to the process efficacy and joint
characteristics than that of the conventional FSW [26]. The acoustic assistance can
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Fig. 9 The optical images of FSW and UVeFSW joints of AA2024-T3 alloy at a 200 rpm,
110 mm/min, plunge depth = 0.1 mm, and b 400 rpm, 330 mm/min [81]

significantly improve the weld properties and material flow, enlarge process window,
suppressed the weld anomalies, and improve the weld quality and microstructure.

Tarasov et al. [71] developed another method to apply for acoustic assistance in
front of the welding tool via the backing plate for FSW of Al alloy. They narrated
that acoustic energy helped to suppress the recrystallized grain size in SZ at weld-
ment. It is suggested ultrasonication may retard the GP ripening due to the dynamic
stabilization of the solid solution. Additionally, the ultrasonic energy might have
smoothed the strain-induced dissolution of earlier thought insoluble coarse Al–Cu–
Fe–Mn particles. Lv et al. experimented on the FSW of dissimilar Al/Mg alloys by
applying ultrasonic vibration system at an angle to the welding tool. They obtained
a notable rise in the weld quality and claimed the IMCs phases disappearance across
the interface [43]. Besides, they added that with the addition of acoustic assistance,
IMCs (Al3Mg2 (layer 1) + Al12Mg17 (layer 2)) of overall thickness ∼3.5 µm gradu-
ally became a monolayer (Al3Mg2) of overall thickness ∼2.5 µm. Kumar et al. [29]
performed the scanning electron microscopic (SEM) analysis of the SZ to determine
the advantages of ultrasonic energy on the FSW process (Fig. 10). The SZ of both
Al and Mg alloys resembles significantly refined and smaller grains as compared to
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Fig. 10 High magnification images of FSW and UVaFSW joints across the SZ a, b Mg Side c,
d Al side and e, f IMCs region g, h the grain size analysis for Mg side [29]
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the base metals (Fig. 10). It is also observed that the grains are recrystallized and
finer for the ultrasonic welds at Mg side compared to the conventional FSW joints.
The grain analysis of the SZ of the Mg side shows average grain size of ~2.5 and
4.16 µm for ultrasonic and non-ultrasonic welds respectively (Fig. 10a, b, g, h). It
implies that acoustic energy is helpful to refine and reduce the grain size. Similarly
the grain analysis of SZ region also shows comparatively fine and equiaxed grains
for the ultrasonic joints. This region also advocates the intense intermixing of various
substrates in a complex manner because of Al alloys’ intense material plasticization
compared to the Mg alloy [36].

The formation of the dendrite structure in the Al alloys’ weld zone in the case
of the FSW process is quite common that may be due to constitutional liquation.
The phenomenon of constitutional liquation for the FSW process has been reported
previously in different studies [4, 7]. During the FSW of Al/ZrB2 Dinaharan and
Murugan [7] have quoted that the constitutional super cooling can originate the
dendritic structure during the solidification process. Similarly, in case of dissim-
ilar FSW of Al and Mg alloys, Firouzdor and Kou [9] have also reported dendrites
formation of Al3Mg2 and Al12Mg17. The high magnification images of the IMCs
region depicts heavy lumps of intermixed substrates in SZ-TMAZ (Fig. 10e) that
may resemble the IMCs of Al and Mg. The origin of heavy lumps of IMCs can be
ascribed to the intense intermixing of Al and Mg substrates followed by flow of Al
lamellae across the advancing side (AS) and material stirring across shoulder and pin
region. The formation of discrete particles is primarily controlled by the SZ region’s
heat input and formed because of the controlled by inter-diffusion or eutectic trans-
formation [43]. The nature of IMCs formation largely depends on the concentration
of Al and Mg substrates [30]. The region where Al concentration dominates attracts
Al3Mg2 while that of Mg dominated region probably have Al12Mg17. The same can
be ascribed from the binary phase diagram of Al and Mg alloys [10].

3 Object Embedment

Further application of ultrasonic addition has been experienced by digging out the
possibility of embed fibers, electronic circuits, or structures in the metal matrix.
Heavy material flow in presence at low temperature permits safe embedment without
any harm to embedding material. The embedment process follows the binding of
metal foil material with the base metal by the horn/sonotrode. The foil fibers or
electronic circuit are added on this, and the second layer of foil is then placed on
the top of the embed object followed by sonotrode contact to the sample to bond
it with the previous layer. Under the influence of the acoustic plastic behavior of
metal foil in contact with the horn pressure and oscillation, the foil is plastically
deformed around the embed material. It makes contact with the previous foil layer,
thus forming a solid-state bond (Fig. 11).

Following the unique feature of UAM, the embedment of various materials has
endeavored in previous literature. Li et al. [38] have attempted the embedment of
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Fig. 11 a, b The schematic process of object embedment via UAM process [12, 13]

printed electronic pathways in between the Al foils interface. Similarly, Robinson
et al. [59] and Siggard et al. [65] have successfully added the pre-packed electronic
circuit system in the metal grooves created by the CNCmachine. Kong and Soar [23]
have carried out the embedment of polymer-based coated and uncoated optical fibers
in the Al matrix. In a similar attempt, Monaghan et al. [46] and Mou et al. [47] have
also successfully implemented metal-coated optical fibers and Bragg fibers in their
research findings. The UAM technique has been advanced by embedding the shape
memory alloy fibers in the Al matrix and investigated by Friel and Harris [13] and
Hahnlen and Dapino [16]. Their findings have reported appreciable functionality of
embedded components and excellent bond strength of adjoining layers. Hence UAM
can be considered as one of themost appropriate techniques to develop the embedded
structures.

At several places, the UAM is also referred to as a “bond-then-form” technique
[15]. It is because, after UAM bonding, subsequent CNC machining is required to
add up to cast the anticipated form to the bonded metallic foils. This process is
completed in a number of steps followed by layer bonding, it’s machining, layer
bonding on previously formed part followed by further machining until the required
3D shape is not attained. Similarly, in the “form-then-bond” approach, the required
3D shape is cast in each joined layer (via suitable machining process such as laser
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machining) before its binding to the earlier formed part. This method can allow to
form the structures to have inner geometry and channels that are quite cumbersome
to produce via the “bond-then form technique” [15]. This process has been proven
beneficial in developing functional ceramic parts and microfluidic systems via the
Computer Aided Manufacturing process ([3], Cawley et al.)

Bournias-Varotsis et al. [3] have analyzed the ultrasonicwelding of aluminum foils
followed by the geometric machining prior to the commencement of the bonding
(Fig. 12). These pre-machined geometries can facilitate to keep the foil in layer
by layer in a predefined sequence to host any electronic or fragile components in a
required groove, gap, or pocket. For the UAMprocess, the deformation mechanics of
the aluminum foils could be studies and a model was proposed that could facilitate
estimation of the final location, shape and size, and tolerances of pre-machined
features for a defined combination of process parameters. The proposed model was
tested by hosting an electronic component before its encapsulation in a predesigned
cavity. In the present example (Fig. 12), the embedment of an electronics item is
made however the same can be applied for the fabrication of microfluidic or thermal
management devices also. Here, the aluminum foil is machined before being bonded
via the UAM process. The cavities and channels are formed layer by layer to form
features to host the electronic circuitry. In the process, for the cross-sectioned sample,

Fig. 12 Representation of multi-layer structure. a Top view before encapsulation. b Close up of
the top edge of the bonded foils. c Fabricated structure. d Cross-section of the back edge of the
structure after encapsulation [3]
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Fig. 13 The microstructure profile of reinforced filler metals a via stir casting and b via ultrasonic
assistance [78]

any visible destruction in the resistorwas seen. It is important to note that the effective
measured width was found smaller than that of the predicted one in this case. It may
be due to human error incurred while foil placement and its alignment before the
welding process’s commencement.

The UAM has been proven beneficial to fabricate a wide variety of industrially
applicable composites. For example, the addition of silicon carbide particulate into
the Al matrix may offer several benefits. Wielage et al. [75] performed ultrasonic-
assisted soldering of Al2O3p/6061metal matrix composites by adding SiC reinforced
and Sn-based solders. They reported significantly homogenized reinforced joints of
SiC with an appreciable improvement in joint strength than that of a non-reinforced
joint. Yan et al. [78] attempted SiC reinforced and Zn-based filler to fabricate the
SiCp/A356 composites with the aid of ultrasonic vibrations. During the joining,
the ultrasonic assistance has been proven beneficial to disperse the agglomerates
and eliminated the possibility of SiC coagulation. A complete absence of voids and
enhanced intermixing of particles in the metal matrix have been observed that may
be due to the ultrasonic vibration effects.

The high-resolution microstructure images of SiCp/Zn–Al filler metals have been
shown in Fig. 13. Adequate intermixing of stir cast filler with the SiC substrates
is observed at subsequent intervals. However, noticeable particle segregation and
voids gaps can be seen in the metal matrix (Fig. 13a). With ultrasonic assistance, the
localized particle segregation has been considerably reduced while voids’ intensity
is trimmed, replicating the homogenized mixture of the metal matrix (Fig. 13b).

4 Conclusion and Future Perspective

From the aforesaid discussions, it has been observed that a significant amount of
effort has been added to utilize the benefits of ultrasonic vibrations in the form of
the ultrasound-assisted manufacturing process. The effect of ultrasonic assistance in
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various manufacturing processes has been dealt with in detail and their processing
mechanism is discussed to grasp the fundamental concepts. The ultrasound assis-
tance can suppress the defect frequency and improves the material flow that in turn
enhance the part quality. With the addition of ultrasound, the surface characteristics
and dimensional accuracy can be enhanced than that of the conventional manufac-
turing processes (without ultrasound). The acoustic assistance can also reduce the
frictional contacts between the machine parts, hence the forced required to do the
required job can also be reduced.Among these astonishing properties, better arranged
high compact density and good surface quality make the ultrasound-assisted as a
unique technique in the manufacturing domain. In ultrasonic-assisted compaction,
the vibration energy breaks the oxide layer, softens the localized region of contact and
results in strong bonding in the case of 3D structures. In case of UAM, the ultrasonic
addition can produce non-linear effects for example, acoustic streaming and cavita-
tion. All this can alter the magnitude of heat and mass transfer and thereby the grain
refinement and crystal growth. Apart from that, several other special effects such
as enhanced stirring, better material mixing and crystal dispersion cum nucleation
can be seen in case of melting materials. A better degree of material homogeniza-
tion by liquid agitation, enhanced particles distribution, and suppressed frequency of
porosity and cracks in presence of ultrasonic vibration can be seen from the results
reported. As a result the manufactured parts have better quality and precise control
in their dimensional accuracy. This short literature review can assist the readers to
grasp the basic concepts and application domains of the ultrasonic energy in manu-
facturing context. It can also be helpful to advance better and effective systems to
impart ultrasonic vibrations into the manufactured zone.
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