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Abstract  
Ultrasonic machining (USM) is a mechanical material removal process used to erode holes and 
cavities in hard or brittle work pieces by using shaped tools, high-frequency and an abrasive 
slurry. This paper addresses the concept and development of an expert system (ES) for hard and 
brittle material, such as glass, quartz, diamond, carbides, semi conducting materials, ceramic and 
graphite which can be manufactured with ultrasonic machine or rotary ultrasonic machining. The 
expert system is developed based on object oriented technique. The system links with a feature 
based CAD system in order to extract design data. The expert system is linked with databases. The 
machining cycle time, cost, penetration rate and productivity, of each selected design feature are 
estimated. The system provides useful information such as machining cycle time and cost, 
penetration rate and efficiency of machining of the selected design feature for product designers 
and manufacturing engineers to select optimum machining parameters. Also the expert system 
compares ultrasonic machining (USM) and rotary ultrasonic machining (RUSM) for the same 
design feature in concurrent engineering environment. 
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1. Introduction 
The limitation of conventional and some of the unconventional machining such as electrochemical 
machining (ECM), electro-discharge machining (EDM), and so on have led to the development of 
ultrasonic machining for hard and brittle materials [1]. The history of USM traced back to Lewis 
Balamuth, who invented the process about forty three years ago [2]. The benefits of discovery of 
USM to industry were quickly realized, and in 1950 the production of USM-tools began [3]. A 
wide range of material especially hard materials (e.g. tungsten and titanium carbides die and tool 
steels etc.) and brittle materials (e.g. germanium, silicon, ferrites, ceramics, glass, quartz etc.) could 
be effectively machined by this method [4, 5]. The principle of ultrasonic machining was 
recognized in 1927.The first useful description of the USM technique wasn’t given in industry 
literature until about 1940. Since then, ultrasonic machining has attracted a great deal of attention 
and has found its way into industry on a relatively wide scale. By 1953-1954, the first ultrasonic 
machine tools, mostly based on drilling and milling machines, had been built. By about 1960, 
ultrasonic machine tools of various types and sizes for a variety of purposes had been seen, and 
some models had begun to come into regular production. USM provides a number of advantages 
compared to conventional machining techniques. Both conductive and nonconductive materials 
can be machined, and complex three-dimensional contours can be machined as quickly as simple 
shapes. Additionally, the process does not produce a heat-affected zone or cause any 
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chemical/electrical alterations on the workpiece surface, and a shallow, compressive residual 
stress generated on the workpiece surface can increase the high-cycle fatigue strength of the 
machined part. However, in USM, the slurry has to be fed to and removed from the gap between 
the tool and the workpiece. As a result, the material removal rate slows considerably and even 
stops as the penetration depth increases. The slurry can also wear the wall of the machined hole 
as it passes back toward the surface, which limits accuracy, particularly for small holes. 
Additionally, the abrasive slurry “machines” the tool itself, which causes considerable tool wear 
and, in turn, makes it very difficult to hold close tolerances. Rotary ultrasonic machining was 
invented by P. Legge in 1964. In the first rotary ultrasonic machining device, the slurry was 
abandoned, and a vibrating diamond-impregnated tool was used against a rotating workpiece. 
However, because the workpieces were held in a rotating four-jaw chuck, only circular holes 
could be machined, and only comparatively small workpieces could be drilled with this device. 
Improvements led to the development of a machine comprising a rotating ultrasonic transducer. 
The rotating transducer head made it possible to precisely machine stationary workpieces to close 
tolerances. With different shaped tools, the range of operations could be extended to end milling, 
tee slotting, dovetail cutting, screw threading, and internal and external grinding. The attraction of 
USM is unlike ECM and EDM and the material removal rate is affected by brittleness and hardness 
of materials. USM is used in wide range of industry including aerospace, electronics, optics, and 
automobile industries [6]. The rapid progress in this field can be seen from the number of published 
papers. It is reported that about 350 papers had been published until 1960s. Ultrasonic machining 
(USM) is a mechanical unconventional machining process by which material is removed through 
direct hammering of the abrasive particles on the work piece by the vibration of tool and flow of 
the abrasive particle. The mechanisms involved in material removing by USM have been described 
in previous studies [3, 7, 8]. The history of USM began with a paper by R.W. Wood and A.L. 
Loomis in 1927 [9, 10] and the first patent was granted to American engineer Lewis Balamuth in 
1945 [11, 12]. USM has been variously termed ultrasonic drilling; ultrasonic abrasive machining 
ultrasonic cutting; ultrasonic dimensional machining and slurry drilling [13]. However, from 
early 1950s it was commonly known either as ultrasonic impact grinding or USM [11, 14, 15]. 
Since its invention, USM has developed into a process that is relied upon to solve some of the 
manufacturing community's toughest problems [1]. The USM process begins with the conversion 
of low-frequency electrical energy to a high-frequency electrical signal, which is then fed to a 
transducer [13, 14, 15, 16, 17, 18]. The transducer converts high-frequency electrical energy into 
mechanical vibrations, which are then transmitted through an energy-focusing device, i.e. 
horn/tool assembly [19, 20, 21]. This causes the tool to vibrate along its longitudinal axis at high 
frequency (usually ≥20 kHz) [1, 13]. The tool vibrates with a total excursion of only a few 
hundredths of a millimeter in a direction parallel to the axis of tool feed [20, 21]. For efficient 
material removal to take place, the tool and tool holder must be designed with consideration 
given to mass and shape so that resonance can be achieved within frequency range capability of 
the USM machine [14]. Typical power ratings range from 50 to 3000 W and can reach 4 kW in 
some machines [22, 13]. A controlled static load is applied to the tool and abrasive slurry 
(composing a mixture of abrasive material; e.g. silicon carbide, boron carbide, alumina, etc. 
suspended in oil or water) is pumped around the cutting zone [13]. The vibration of the tool 
causes the abrasive particles held in slurry between the tool and the work piece, to impact the 
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work piece surface causing material removal by micro chipping [23]. The elements of USM 
process include of a transducer, abrasive slurry that flows between the work piece and tool 
vibration and work piece. The process which is widely recognized as the technological 
characteristics of USM, depends on several operational and physical parameters. Much research 
is conducted on the mechanism of process and parameter interactions. Many of the parameters 
are interrelated and affect other. Even though, it is not possible to summarize the previous results 
of the parameters. Here we briefly summarize some of the important factors which directly 
influence on MRR and machining productivity. As mentioned before, the material removal rate 
(MRR) is influenced by abrasive type, size, concentration and the temperature of the abrasive 
liquid. The abrasive grid size should be about equal to the vibration amplitude and the temperature 
of abrasive between 2 to 5o C. As Abrasive concentration in water or oil increases, the material 
removal rate and the rate of penetration increase until they reach a maximum. Penetration does not 
increase after the maximum penetration is achieved, because there is a jamming effect at the 
interface of tool and work piece [24]. As the abrasive grain diameter increases, the rate of MRR 
increases to a maximum and then decreases. It is more difficult for larger grains to get to the work 
area as penetration increases, therefore penetration rate drops.  Boron carbide is most widely used 
in USM. The frequency used in most USM operations is set at 10 to 40 kHz. The most common 
frequency is 20 kHz. The amplitude of vibration is between 0.013 to 0.10 mm. Tool tip forces are 
usually less than 44.5 N, but force as high as 445 N is possible. In this type of process, parameters 
such as depth of cut, static load and area of cut are also very important. Typical accuracy of +/-
0.025 mm and surface roughness of 0.51 to 0.76 µm can be achieved [10, 25]. The size of abrasive 
grid affects surface roughness. Smaller size makes finer finishes, but it reduces the material 
removal rate. The surface created by USM typically shows a shallow depth of compressive residual 
stress. Holes can be produced as small as 0.078 mm diameter and as large as 90 mm diameter with 
depth of up to 64 mm. The main parts of an USM are shown in Fig.4. It consists of the following 
elements, (i) Electronic oscillator with amplifier and means for adjusting the required frequency, 
(ii) the transducer or vibrators which acts as a transformer is magnetized with direct current. It 
transforms electrical power received from the electronic oscillator to mechanical vibrations, but the 
amplitude of this vibration is not adequate. The power supply for USM is more accurately 
characterized as a high power sine-wave generator that offers the user control over both the 
frequency and power of the generated signal. It converts low-frequency (60 Hz) electrical power 
to high-frequency (approximately 20 kHz). This electrical signal is supplied to the transducer for 
conversion in to mechanical motion [1, 13, 26]. USM is combined with electrical discharge 
machining (EDM) and abrasive flow machining (AFM) [17, 19, 21, 27, 28, 29]. Nowadays 
ultrasonic vibrations are used successfully to enhance machining capability of micro-EDM to 
handle titanium alloys [30]. It has been found in micro-hole machining of titanium plate that 
micro-ultrasonic vibration lapping enhances the precision of micro-holes drilled by micro electro-
discharge machining [31]. Ultrasonic assisted conventional/non-conventional machining. USM 
assisted turning is claimed to reduce machining time, work piece residual stresses and strain 
hardening, and improved work piece surface quality and tool life compared to conventional 
turning [8, 29, 32, 33]. There are also non- machining ultrasonic applications such as cleaning, 
plastic/metal welding, chemical processing, coating and metal forming [13]. The tool is made by 
silver brazing shaped conversely to the desired hole or cavity and positioned near, but not 
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touching, the surface of the work piece [34, 35]. Many USM applications are involved in drilling 
where a tool of either simple or complex cross-section penetrates axially in to the work piece to 
produce either a through or blind hole of the required dimensions [13]. For three-dimensional 
cavity, a process analogous to die sinking is generally employed, [10, 36, 37, 38, 39]. Although 
USM volumetric material removal rates are relatively low, the process remains economically 
competitive because of its ability, with a single pass of the tool, to generate complex cavities or 
multiple holes in work piece materials that are too hard or fragile to machine by alternate 
processes. Using this technique graphite electrode for EDM has been shaped in 30 min instead of 
the 20 hours required by copy milling [40, 41, 42, 43]. The problem with using tools of complex 
form, however, is that they are not subject to same machining rate over the whole of their 
working surface and experience differential wear rate, both of which affect the product shape [13, 
44]. In addition, there are also greater problems in tuning a complex tool to achieve maximum 
performance compared to more basic tool [13]. An alternative approach is using a simple 
“Pencil” tool and contour machine with the complex shape and a CNC program. Hypodermic 
needle was used to ultrasonically drill small holes through a silicon nitride (Si3N4) work piece 
[45]. For the stationary USM, an approach to model MRR has been proposed and applied for 
titanium and its alloys. In this MRR model for stationary USM, macro-modeling concept has 
been used. In macro-model, the need to write a mathematical equation for developing 
relationships is bypassed. The model developed is mechanistic in the sense that these parameters 
can be observed experimentally from a few experiments for a particular material and then used in 
the prediction of MRR over a wide range of process parameters. This has been demonstrated for 
titanium and its alloys, where very good predictions have been obtained using an estimate of 
multi parameters. On the basis of this model, Singh and Khamba studied the relationship between 
the MRR and the controlling machining parameters. These relationships agree well with the 
trends observed by experimental observations made by them [46, 47, 48, 49, 50, 51, 52, 53, 54, 
55]. This model has been applied for predicting the MRR for pure titanium, (ASTM Gr.2) and 
titanium alloy, (ASTM Gr.5). In this study the effect of six controllable parameters (tool material, 
slurry type, slurry concentration, grit size, slurry temperature, and power density) were revealed 
with titanium work piece as noise factor. In the case of USM transducer, electrical energy is 
converted in to mechanical motion [13, 56, 57]. With a conventional generator system, the tool 
and horn are set up and mechanically tuned by adjusting their dimensions to achieve resonance 
[13]. Recently however, resonance following generators has become available which 
automatically adjust the output high frequency to match the exact resonance of the horn/tool 
assembly. They can also accommodate any small error in set up and tool wear and give minimum 
acoustic energy loss and very small heat generation [20]. The power supply depends on the size 
of transducer [22, 58]. Two types of transducers used for USM are based on two different 
principle of operation, piezoelectric and magnetostrictive [1, 59]. Piezoelectric transducers are 
used for USM generate mechanical motion through the piezoelectric effect by which certain 
materials, such as quartz or lead zirconatetitanate [60, 61, 62, 63]. Piezoelectric transducers, by 
nature, exhibit extremely high electromechanical conversion efficiency (up to 96%), which 
eliminates the need for the water-cooling of the transducer. These transducers are available with 
power capabilities up to 900 W [13, 32, 59, 60, 63, 64]. The function of tool holder is to attach 
and hold the tool to the transducer. Additionally, the tool holder also transmits the sonic energy 
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to the tool, and in some applications, also amplifies the length of the stroke at the tool. Half hard 
copper washers are used between the transducer and tool holder to dampen and cushion the 
interface, which further reduces the chances of unwanted ultrasonic welding. The horn is 
variously referred to as an acoustic coupler, velocity/mechanical transformer, tool holder, 
concentrator, and stub or sonotrode. The oscillation amplitude at the face of the transducer is too 
small (0.001–0.1 µm) [63, 65, 66], in order to achieve any reasonable cutting rate; therefore, the 
horn is used as an amplification device [9, 67, 68]. Different horn is designed with and without 
additional tool heads [67]. Tool holders are available in two configurations: non-amplifying and 
amplifying. Non-amplifying tool holders are cylindrical and result in the same stroke amplitude 
at the output end as at the input end. Amplifying tool holders have a modified cross-section and 
are designed to increase the amplitude of the tool stroke as much as 600% [58]. The material 
used should have high wear resistance, good elastic and fatigue strength properties, and have 
optimum values of toughness and hardness for the application [10, 63, 69]. Tungsten carbide, 
silver steel, and monel are commonly used tool materials [13]. Polycrystalline diamond (PCD) 
has recently been detailed for the machining of very hard work piece material such as hot iso-
statically pressed silicon nitride [70]. Tool can be attached to the horn by either soldering or 
brazing, screw/taper fitting [13, 35]. Also, the actual tool configuration can be machined on to the 
end of the horn [10, 13, 22, 41, 71, 72, 73]. Threaded joints are conventionally used because of 
quick and easy tool changing, however problems can occur such as self-loosening, loss of 
acoustic power, fatigue failure, etc.[74]. The machines for USM range from small, tabletop-sized 
units to large-capacity machine tools. In addition to the part-size capacity of a USM machine, 
suitability for a particular application is also determined by the power rating [1]. The material 
removal rate is directly related to power capability of the USM machine. All USM machines 
share common subsystems regardless of the physical size or power [1]. The most important of 
these subsystems are the power supply, transducer, tool holder, tool and abrasives [1, 13]. To 
minimize tool wear, tools should be constructed from relatively ductile materials such as stainless 
steel, brass and mild steel [1, 13]. Depending upon the abrasive used, the work piece material, 
work piece/tool wear ratio can range from 1:1 to 100:1 [11, 56, 57]. The tool is normally held 
against the work piece by a static load exerted via a counter weight/static weight, spring, 
pneumatic/hydraulic or solenoid feed system [10, 25, 66, 69, 75]. For optimum results, the 
system should maintain a uniform working force while machining and be sufficiently sensitive to 
overcome the resistance due to the cutting action [68, 72]. Static load values of about 0.1–30 N 
are typically used [13]. The force is particularly critical when drilling small holes less than 
0.5 mm diameter as bending of the tool can occur under too high a load. The transport medium 
for the abrasive should possess low viscosity with a density approaching. It is required the 
abrasive, good wetting properties and preferably, high thermal conductivity and specific heat for 
efficient cooling and water [9, 11, 68]. The abrasive material is mixed with water to form the 
slurry. The most common abrasive concentration is 50% by weight [1, 58]; however this can vary 
from 30–60%. Thinner mixtures are used to promote efficient flow when drilling deep holes or 
when forming complex cavities [11, 66, 69, 76, 77]. Once abrasive has been selected and mixed 
with water, it is stored in a reservoir at the USM machine and pumped to the tool–work piece 
interface by re-circulating pumps at rate up to 26.5 L/min [58]. Extensive work on the 
mechanism of material removal is reported by Shaw [22], Miller [78] and Cook [79], and others 
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[38, 65, 80, 81]. Most of work is on machining mechanism of hard and brittle material [51, 55, 
56]. Material abrasion is effected by direct hammering of the abrasive particles against the work 
piece surface [6, 21, 22, 23, 32, 36, 43, 66, 72, 78, 82]. Micro chipping is also affected by impact 
of the free moving abrasive articles [11, 22, 37, 43, 72, 82]. Cavitations' effect is from the 
abrasive slurry [11, 22, 37, 43]. Researchers considered that cavitation erosion and chemical 
effects were of secondary significance with the majority of work piece material acting essentially 
to weaken the work piece surface, assist the circulation of the abrasive and the removal of debris 
[10, 22]. The individual or combined effect of the above mechanisms results in a work piece 
material removal by shear by fracture (for hard or work hardened material) and displacement of 
material at the surface, without removal [29, 72, 77, 83] and by plastic deformation [29] which 
will occur simultaneously at the transient surface [13]. With porous materials like graphite as 
opposed to hardened steels and ceramics, cavitation erosion is a significant contributor to 
material removal [6, 11, 22, 82]. 

 

2. Expert system and its component  
Expert Systems are computer programs that are derived from Artificial Intelligence (AI). Expert 
system goal is to understand intelligence by building computer programs that exhibit intelligent 
behavior. It is concerned with the concepts and methods of symbolic inference, or reasoning, by a 
computer, and how the knowledge used to make those inferences will be represented inside the 
machine. The term intelligence covers many cognitive skills, including the ability to solve 
problems, learn, and understand language. The Expert system links with A feature based CAD 
system in order to extract design data. The expert system is linked with databases. The machining 
cycle time, cost, penetration rate, and efficiency of each selected design feature are estimated. The 
system provides useful information such as machining cycle time and cost, penetration rate, and 
efficiency of machining of the selected design feature for product designers and also advises 
manufacturing engineers to select optimum machining parameters. Also the expert system 
compares ultrasonic machining (USM) and rotary ultrasonic machining (RUSM) for the same 
design feature in concurrent engineering environment.Figure1 is demonstrated expert system 
environment. Figure 2 shows flowchart of the expert system.  

 
 
 
 
 

 
 
 
 
 
 

 
Figure 1. Expert system environment 
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Figure 2. Flowchart of the expert system 
 
 

3. Experimental verification  
In USM spindle is fed toward the work piece at a constant pressure. Figure 3 shows the basic 
elements of an USM. In rotary ultrasonic machining, a rotating core drill with metal bonded 
diamond abrasives is ultrasonically vibrated in the axial direction while the spindle is fed toward 
the workpiece at a constant pressure. Coolant pumped through the core of the drill washes away 
the swarf, prevents jamming of the drill and keeps it cool. By using abrasives bonded directly on 
the tools and combining simultaneous rotation and vibration, RUM provides a fast, high-quality 
machining method for a variety of glass and ceramic applications. A variation of USM, known as 
rotary ultrasonic machining (RUM), involves the use of rotating diamond- plated tools on 
drilling, milling, and threading operations [1, 13]. The construction of RUM machines is nearly 
identical to USM machines except for the addition of a 0.37–0.56 kW (1/2–3/4 HP) rotary 
spindle motor capable of rotating up to 5000 rpm [13, 25]. The ultrasonic power required for the 
RUM process is considerably less than that used for USM; RUM machines typically are rated at 
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300 W or less [1]. Machining performance in the rotary mode is found to be much superior to the 
conventional mode [26]. Recently the feasibility to machine ceramic matrix composites (CMC) 
using RUM has been investigated, which results into better MRR and hole quality (in terms of 
chipping dimensions) [27]. Recently, the feasibility of using this technique has become of interest 
and has been investigated in a number of countries including the UK, France, Switzerland, Japan, 
etc. [13, 23]. A few CNC controlled path rotary USM systems are available commercially such as 
the SoneX300 from Extrude Hone Limited (France) and the Erosonic US400/US800 from 
Erosonic AG (Switzerland) [13]. Figure4 demonstrates arotary USM process.  

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Basic elements of USM 
 

 
Figure4. Rotary ultrasonic machining process 

 

RUM devices contain a uniquely designed spindle that is coupled to an ultrasonic transducer. The 
ultrasonic power supply converts conventional line voltage into 20 kHz of electrical energy. This 
output is fed to the piezoelectric transducer located in the spindle, and the transducer converts 
electrical input into mechanical vibrations. By changing the setting of the output control of the 
power supply, the amplitude of the ultrasonic vibration can be adjusted. The spindle speed 
(measured in revolutions per minute [rpm]) is programmable using the CNC controller for speeds 
up to 8000 rpm. A variety of tool shapes are used for rotary ultrasonic machining, and ceramic 
and technical glass machining applications typically use either a diamond-impregnated or 
electroplated tool. Diamond-impregnated tools are more durable, but electroplated tools are less 
expensive, so the selection depends on the particular application. One of the major differences 
between USM and RUM equipment is that USM uses a soft tool, such as stainless steel, brass or 
mild steel, and a slurry loaded with hard abrasive particles, while in RUM the hard abrasive 
particles are diamond and are bonded on the tools. Another major difference is that the RUM tool 
rotates and vibrates simultaneously, while the USM tool only vibrates. These differences enable 
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RUM to provide both speed and accuracy advantages in ceramic and glass machining operations. 
In many instances, the rotary ultrasonic machining method yields a competitive edge, and 
application information is not disclosed to maintain the proprietary nature of this work. However, 
followings are some generic examples that indicate the type of work being performed. 
Experimental results of USM and RUSM are presented in table 1. The results of expert system for 
USM and RUSM for the same design feature (circular hole making) are presented and compared 
with experimental one and also presented in table 1. The tool diameter is 15 mm and the depth of 
holes is 1.3, 5.0, 6.8, and 10 mm. In practical USM, estimates of machining time and cost, 
penetration rate and productivity are time-demanding on experienced personnel. In contrast the 
knowledge-based system can provide these estimates usually in less than 30 seconds. In Figure 4 
machining time, Figure 5 machining cost and Figure 6 penetration rate for USM, RUSM, ESUSM, 
and ESRUSM is demonstrated. In Figure 8 rotary USM CNC machine is shown. 
Data for experimental USM: Frequency 20 kHz, Amplitude 40 µm, Static force 3, Abrasive BC, 
Tool steel. Data for expert system: Frequency 20 kHz, Amplitude 38 µm, tool mild steel for USM 
and mild steel with diamondcoted for RUSM. The tool diameter is 15 mm and depth of holes is 1.3, 
5.0, 6.8 and 10 mm. 

 
Table 1: Comparison of experimental USM, Rotary USM and Expert System results 

Hole 
depth 

Work 
piece 

Procedure 

Machin
ing 

Time 
USM 

Machining 
cost 
USM 
(US$) 

Penetration 
Rate 
USM 

Machinin
g 

Time 
RUSM 

Machining 
Cost 

RUSM 
(us$) 

Penetration 
Rate 

RUSM 

1.3 

Graph
ite 

Experimental 

1.1 0.44 1.18 0.8 0.32 1.62 
5.0 3.7 1.48 1.35 2.8 1.78 1.78 
6.8 5.0 2.0 1.36 3.75 1.5 1.8 
10.0 9.0 3.6 1.11 6.75 2.7 1.48 
1.3 

Graph
ite 

Expert 
System 

 

0.99 0.40 1.31 0.75 0.30 1.73 
5.0 3.33 1.33 1.50 3.5 1.4 1.42 
6.8 4.50 1.8 1.51 4.2 1.68 1.62 
10.0 8.10 3.24 1.23 6.22 3.11 1.6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         Figure 5 Machining time for USM,            Figure 6 Machining cost for USM, 
                              RUSM, ESUSM, ESRUSM                        RUSM, ESUSM, ESRUSM  
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                          Figure 7. Penetration rate for USM,                        Figure 8. Rotary USM CNC machine  
                      RUSM, ESUSM, ESRUSM  
 

The expert system result of a circular hole making with different material type for work piece, 
abrasive and tool for the same design feature specification is presented in table 2.  

Designers of manufacturing engineers select work piece material and design feature from the work 
piece and feature library. Then work piece specification and design description for each selected 
design feature are obtained interactively by the expert system. The system estimates all necessary 
parameters such as spindle force, abrasive size, concentration, carrier fluid, frequency, power, 
machining time and cost, penetration rate and efficiency.  

Table 2. Comparison of USMES and RUSMES results for different material and features 

 
Procedure 

Design 
feature 
Type 

Abrasive 
Tool 

material 
type 

Work 
piece 

material 
type 

Penetration       
rate 

(mm/min) 

Machining 
time (min) 

Machining 
cost ($US) 

 
Expert 

system for 
USM 

 
Circular 

hole 
with 

diameter 
10 depth 
10 mm 

for USM 

 
Boron          
carbide 

(BC) 

 
 

Steel 

Glass 6.25 1.6 0.60 

Composite 3.34 3 1.12 

Stone 31.25 0.32 0.12 

Ceramic 0.83 12 4.5 

Expert 
system for 

RUSM 

Circular 
hole 
with 

diameter 
10 depth 
10 mm 

for 
RUSM 

 
Boron          
carbide 

(BC) 

 
Steel 

Diamond 
coated 

Glass 9.0 1.16 0.44 

Composite 5.0 2.18 0.81 

Stone 43.0 0.23 0.087 

Ceramic 1.14 8.72 3.27 

 
 
 

USM 

ESUSM 

ESRUSM 

Penetration rate 

1.73 
1.62 
1.31 
1.18 
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4. Validation Results of the Expert System 
As a result, table 1 shows that estimation of expert system for machining time and cost for USM 
hole making is 10 percent less and better than experimental USM. Also shows that estimation of 
expert system for machining time and cost for RUSM hole making is 10 percent less and better 
than experimental RUSM, because in expert system, optimum parameters are selected. As a 
result, table 1 and figure 3 show that machining time and cost for hole making for graphite 
material for experimental RUSM is 37.5 percent less and better than experimental USM. Table 1 
and fig 4 show that machining time and cost for hole making for graphite material for 
experimental RUSM is 37.5 percent less than experimental USM; But penetration rate of hole 
making for graphite material for experimental RUSM is increased with 37.5 percent. Estimation 
of expert system for machining time and cost for USM hole making is 10 percent less than 
experimental USM. Estimation of expert system for machining time and cost for hole making for 
RUSM is 10 percent less than experimental RUSM. Table 1, table2 and fig 5 showthat 
penetration rate and productivity for hole making for USM is 37.5 percent less than RUSM. Also 
show that estimation of expert system for penetration rate and productivity for RUSM hole 
making is 10 percent more than USM. Table 2 shows estimation of expert system for machining 
time and cost, glass, composite, stone and ceramic material for RUSM is 37.5 percent less than 
estimation of expert system for USM for the same material. Also estimation of expert system for 
penetration rate and productivity glass, composite, stone and ceramic material for RUSM is 37.5 
percent more than estimation of expert system for USM for the same material. Table 2 shows 
estimation of expert system for machining time and cost, glass, composite, stone and ceramic 
material for RUSM is approximately 37.5 percent less than estimation of expert system for USM 
for the same material. Table 2 also shows estimation of expert system for penetration rate and 
productivity for composite material for RUSM is 37.5 percent more than estimation of expert 
system for USM for the same material. 

5. Conclusions and summery 
1. USM and RUSM are non-thermal process, which does not rely on a conductive work piece and  

is preferable for machining work pieces with low ductility and hardness above 40 HRC.  
2. Expert system is developed to estimate machining time and cost, penetration rate and 

productivity for different design hole on different materials such as glass, composite, stone, 
graphite and ceramic for USM and RUSM with less than 30 seconds.  

3. Estimation of expert system for machining time and cost for USM hole making is 10 percent 
less than experimental   USM, because in expert system, optimum parameters are selected. 

4. Estimation of expert system for machining time and cost for RUSM hole making is 10 percent 
less than experimental RUSM, because in expert system, optimum parameters are selected.  

5. Machining time and cost for hole making for graphite material for experimental RUSM is 37.5 
percent less than experimental USM. 

6. Ultrasonic drilling caused no deformation of the work piece microstructure. 
7. low temperature (10°C) machining is performed better surface finish attained than at room 

temperature (27°C) and at high temperature (60°C), at all Power Rating values. 
8. The design of tool and horn play an important role in providing a resonance state in USM and 

MRR. 
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9. For complex design feature, machining a simple USM tool followed by CNC programming is 
preferred rather than die sinking using complex form tools. 

10. The optimum static load for maximum machining rate has been found to be dependent on the 
tool configuration (e.g. cross-sectional area and shape), the amplitude and mean grit size. 

11. The hardness of slurry material should be more than the work piece. In general, larger 
abrasive grit sizes and higher slurry concentrations results in to higher MRR. 

12. During machining in USM slurry is splashed out from tank because of high vibrations of tool, 
proper care should be made for fixing the slurry concentration and slurry flow rate as it will 
have a serious effect on tool life.  
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