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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Ultrasonic assisted (UA) deformation has been studied on a variety of materials in both fundamental tensile and compression tests as well as in 
relevant industrial processes. Reductions in flow stress are a common observation when applying UA during material plastic deformation. The 
objective of this work is to study the effects of ultrasonic energy on single-point (SPIF) and two-point (TPIF) incremental forming. A longitudinal 
ultrasonic vibration is applied to a hemispherical ISF tool at 20kHz oscillating frequency. A series of conical shapes were selected for UA-SPIF 
and a 45° conical shape backing die is selected for UA-TPIF. Generally, a positive correlation between oscillation amplitude and reduction in 
forming forces is observed in the investigated conditions. The force reduction in UA-TPIF is much more significant compared with UA-SPIF. It 
is hypothesized that UA-SPIF allows membrane vibration of the entire sheet, which lowers the effective ultrasonic energy input into the local 
plastic deformation region. In addition, UA-TPIF shows a local sheet thickness reduction in regions where ultrasonic oscillation is applied. 
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1. Introduction 

This study investigates the effects of applying ultrasonic 
vibration during the incremental sheet forming (ISF) process. 
ISF is a sheet fabrication technology that can produce free-form 
surfaces incrementally, often requiring no dies. The complex 
stress state developed during ISF stabilizes the material and 
suppresses necking, which significantly enhances the sheet 
forming limit compared with conventional forming operations 
such as stamping and hydroforming [1, 2]. During the process, 
the sheet periphery is clamped in a blank holder. A generic tool, 
usually with a hemispherical end, is applied to locally deform 
the sheet with a predefined toolpath. The final desired geometry 
is achieved progressively. Based on different configurations as 
shown in Fig. 1 [3], the ISF process can be classified into three 

main categories. First is single point incremental forming 
(SPIF), where no die is needed and only one generic tool is 
required, as shown in Fig. 1(a). Second is two-point incremental 
forming (TPIF), where a partial or a full die is utilized, as shown 
in Fig. 1(b). Due to the actual physical constraint of the die, the 
clearance between tool tip and the die surface needs to be 
adjusted to accommodate the final desired thickness of the 
deformed sheet. Accordingly, an additional parameter of 
squeeze factor is introduced, and the detailed definition is 
provided in the following section. The third category is double 
sided incremental forming (DSIF), where an additional 
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1. Introduction 

This study investigates the effects of applying ultrasonic 
vibration during the incremental sheet forming (ISF) process. 
ISF is a sheet fabrication technology that can produce free-form 
surfaces incrementally, often requiring no dies. The complex 
stress state developed during ISF stabilizes the material and 
suppresses necking, which significantly enhances the sheet 
forming limit compared with conventional forming operations 
such as stamping and hydroforming [1, 2]. During the process, 
the sheet periphery is clamped in a blank holder. A generic tool, 
usually with a hemispherical end, is applied to locally deform 
the sheet with a predefined toolpath. The final desired geometry 
is achieved progressively. Based on different configurations as 
shown in Fig. 1 [3], the ISF process can be classified into three 

main categories. First is single point incremental forming 
(SPIF), where no die is needed and only one generic tool is 
required, as shown in Fig. 1(a). Second is two-point incremental 
forming (TPIF), where a partial or a full die is utilized, as shown 
in Fig. 1(b). Due to the actual physical constraint of the die, the 
clearance between tool tip and the die surface needs to be 
adjusted to accommodate the final desired thickness of the 
deformed sheet. Accordingly, an additional parameter of 
squeeze factor is introduced, and the detailed definition is 
provided in the following section. The third category is double 
sided incremental forming (DSIF), where an additional 
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supportive tool is kinematically applied at the bottom side of 

the sheet, as shown in Fig. 1(c).  A typical spiral toolpath for 
forming a cone shape is shown in Fig. 1(d).  

Ultrasonic vibration has been applied in various 
manufacturing processes and shown to offer multiple benefits.  
Baghlani et al. [4] performed ultrasonically assisted deep 
drilling of an Inconel superalloy and showed increased material 
removal rate, reduced drilling force and improved surface 
roughness. Similar benefits were also observed in other 
machining processes, such as turning [5] and milling [6]. In 
addition, ultrasonic energy has been utilized in improving 
several traditional forming technologies, including wire 
drawing [7], deep drawing [8], upsetting [9] and extrusion [10]. 
In these processes, ultrasonic vibration of the corresponding 
forming tool modifies the surface frictional behavior and also 
transfers the energy into the bulk material with reports of 
reduced forming forces [11]. The influence of ultrasonic 
vibration on the frictional behavior depends on the relative 
direction between the vibration and sliding motion. When the 
ultrasonic motion is parallel to the tool sliding direction, 
reduction of friction force is more effective than the 
perpendicular direction [12].  When ultrasonic vibration is 
applied in the same plane as the material-tool contact surface, 
the tendency of slipping compared with sticking increases in the 
dynamic frictional condition. The induced elastic-plastic 
deformation of surface asperities enhances movement of the 
hills into the valleys. As a result, the friction resistance can be 
reduced [9, 13, 14] with improved surface finish quality [15]. 
Amini et al. [16] and Vahdati et al. [17] fabricated an 
attachment to the chuck of a CNC machine that can introduce 
longitudinal ultrasonic vibration and rotary motion during SPIF 
process. A simple groove geometry was formed on aluminum 
1050 sheet. Increased formability and reduced forming force 
were reported under the assistance of ultrasonic vibration. 

Ultrasonic softening was first discovered in 1955 [18] by 
Blaha and Langenecker, where a remarkable reduction in the 
flow stress was observed immediately when a high frequency 
vibration was applied during plastic deformation of zinc. This 
softening effect was later shown in various alloys when they 
were subjected to combined quasi-static and oscillatory stress, 
with the frequency in range of 20-100kHz and amplitude 
around 1-10μm [11]. The reduction in yield strength is 
generally independent of ultrasonic frequency in the range of 
15-80kHz [19, 20]. The softening occurs temporarily while the 
vibration is applied. After the vibration is stopped, there can be 
either residual hardening or softening, depending on the 
material [21-23]. Depending on the material systems, reduction 
of the deformation stress can be proportional to the ultrasonic 

vibration amplitude [24] or acoustic intensity [19, 25], which is 
proportional to the square of the amplitude. 

The fundamental physical principles governing the softening 
phenomenon are still being investigated. Proposed theories in 
the literature generally fall into two categories. One is referred 
to as acoustic softening, which describes the direct interaction 
between ultrasonic vibration and dislocation movement. The 
acoustic energy is preferentially absorbed by localized lattice 
imperfections, such as vacancies, dislocations and grain 
boundaries. This increases the mobility of dislocations and 
reduces the critical resolved shear stress [26]. In addition, 
ultrasonic vibration was also reported to internally alter the 
material microstructures. Siu et al. [27] observed that subgrain 
formation was extensively enhanced during ultrasonically 
assisted micro-indentation tests of aluminum. The dislocation 
dynamics simulation showed enhanced dipole annihilation as 
one of the underlying mechanisms [28]. Dutta et al. [29] 
performed ultrasonically assisted tensile tests on low carbon 
steel and noticed that both dislocation density and the fraction 
of low-angle grain boundaries decreased. The subgrain 
formation was reduced, which was unlike the findings of Siu et 
al. [27] and was explained based on the different deformation 
mechanisms between FCC and BCC metals. Lum et al. [22] 
reported dynamic annealing effects from ultrasonic vibrations. 
An alternative proposed theory for ultrasonic softening is pure 
stress superposition, which assumes that fundamental plastic 
behavior of the material remains unchanged. Material 
deformation resistance is governed by the addition of static and 
high frequency alternating loads [30-32]. The ultrasonic 
softening can also be a coupled result of both acoustic softening 
and stress superposition, as shown by a combined model and 
experimental analysis from Daud et al. [33]. The combination 
is usually referred to as the acousto-plastic effect (APE) [11].  

In this study, the ultrasonic effect on both single-point and 
two-point ISF is analyzed and compared for three forming 
geometries under various conditions, where the vibration is 
applied along the longitudinal axis of the forming tool during 
the process. 

2. Experiments 

A schematic illustration of the ultrasonically assisted SPIF 
system is shown in Fig. 2(a). The ultrasonic vibration is applied 
longitudinally along the axis of the incremental forming tool 
with an ultrasonic tool holder. The ceramic piezoelectric 
transducers are integrated inside the device and the electric 
power supply is connected through the center of the spindle. 
The vibration amplitude of the tool is adjusted by the output 
power of the ultrasonic generator. The tool length protruding 
from the spring collet directly affects the resonant oscillating 
frequency of the device. Using an oscilloscope, the resonant 
frequency can be observed with respect to the tool protrusion 
length. The tool extends 127mm out of the collet and is tuned 
to be half of the ultrasonic vibration wavelength at a resonant 

Fig. 1 Schematic illustration of the incremental forming process: (a) single 
point incremental forming SPIF and (b) two-point incremental forming TPIF 
[3]  
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frequency of approximately 20kHz, such that the tool tip is an 
antinodal point where the maximum amplitude of vibration 
occurs. The amplitude values were measured using a laser 
vibrometer on the unloaded tool under different levels of power 
output from the ultrasonic generator. The value of amplitude 
vibration reported is that of the unloaded tool. The tool has a 
diameter of 12.7mm and a hemispherical end. The actual 
experimental setup for the ultrasonically assisted SPIF is 
shown in Fig. 2(b). A dynamometer is mounted below the blank 
holder to measure the forming force during the process. For 
ultrasonically assisted TPIF, a 45° cone-shaped female die was 
used [34, 35]. 

The workpiece material is Al 7075, O-tempered with a 
thickness of 1.57mm. A layer of MoS2 grease was spread 
across the top of the sheet and on the die, when applicable, 
before all experiments. As compared to our prior work [34, 35] 
which used a freely rotating spindle, the milling machine used 
in this study required a minimum spindle rotation speed of 15 
revolutions per minute (rpm) which was applied throughout all 
tests. The toolpath is spiral with a step size of 0.5mm, which is 
the increment of forming depth for each pass, as shown in Fig. 
1(d). Other details of the investigated experimental conditions 
are summarized in Table 1. In SPIF, the final sheet thickness 
can be predicted, geometrically, using the sine law as shown in 
Fig. 3 [36]:   

 

 𝑡𝑡𝑓𝑓 =  𝑡𝑡0 ∗ sin(90 − 𝑎𝑎) (1) 

 
By restricting material flow and assuming conservation of 

volume, the original material with a thickness 𝑡𝑡0, would thus 
elongate and have a thickness correlated to the forming angle 

α. For TPIF, the squeeze factor δ, which represents the 
relationship between the deformed sheet thickness and tool-die 
clearance, is defined with the following equation [36]: 

 

 𝛿𝛿 = 1 − 𝑑𝑑𝑐𝑐
𝑡𝑡𝑓𝑓

= 1 − 𝑑𝑑𝑐𝑐
𝑡𝑡0𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 (2) 

 
 Where 𝑡𝑡0 is the initial thickness, 𝑡𝑡𝑓𝑓 is the deformed sheet 

thickness from sine law, α is the wall angle, 𝑑𝑑𝑐𝑐 is the clearance 
between the tool and die surface in the normal direction as 
shown in Fig. 3. A value of 0% squeeze factor implies that the 
sheet just touches the bottom die during forming without 
further squeezing the sheet. 

For SPIF, both the 45° and 67° cones were formed to a depth 
of 50mm. SPIF funnels were formed to a depth of 68.5mm 
starting at a 25° angle and ending at 84° with a frame opening 
of 159mm [37]. The standard dynamometer sampling 
frequency in the tests was 10Hz.  Average force reduction 
percentages were calculated by taking the difference of the 
non-UA and UA force values at equivalent time stamps and 
averaging them. 

For TPIF tests, a 45° female die was utilized. In the forming 
condition of 40% squeeze and 0.5mm step size, the ultrasonic 
vibration was applied midway during the process. In the 
condition of 40% squeeze and 0.25mm step size, ultrasonic 
assistance was cycled on-and-off during the process to study 
the transient behavior. 3-dimensional scans of the formed parts 
were obtain using a Hexagon Laser Scanning tool to determine 
the part thickness. 

Table 1 Summary of investigated UA-ISF conditions and their corresponding axial and planar force reductions 

Process Shape Step Size 
(mm) 

Squeeze 
Factor (%) 

Ultrasonic Amplitude 
(μm) 

Axial Force 
Reduction (%) 

Planar Force 
Reduction (%) 

SPIF 45°cone 0.50 N/A 0, 4.52 4.7 5.5 

67° cone 0.50 N/A 0, 1.66, 2.48, 3.29, 4.11 0, 0.9, 1.8, 4.1, 6.9 0, 1.5, 2.5, 4.1, 7.5 

25°- 84°  
Funnel 

0.50 N/A 0, 1.66, 2.48, 3.29 0, 3.1, 2.5, 5.2 0, 2.7, 2.4, 4.2 

TPIF 45°cone 0.50 0, 40 3.29 11 15 

  0.25 40 3.29 18 16 

 

 

 

dc

tf

Die

Binder

Tool

Fig. 3 Schematic of forming angle and squeeze Fig. 2  Image of the ultrasonic TPIF system 
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3. Results 

3.1  UA-SPIF  

As shown in Fig. 4, two 45° SPIF parts were formed: one 
without UA and one with an ultrasonic vibration amplitude of 
4.52μm. The force reduction was calculated as the percent 
reduction of the difference between the non-UA and UA 
samples. The axial and planar average force reduction was 
calculated to be approximately 4.7% and 5.5% respectively. 
Looking at the axial forces, repeating regions of gradual 
reductions in stress are observed. This test was repeated twice 
and the results were found to be consistent.  

 Fig. 5 displays the ultrasonic effect during SPIF of a 67° 
cone with increasing oscillation amplitudes. To better visualize 
effects of increasing amplitude, a moving mean smoothing 
function was applied to increase the signal-to-noise ratio of the 
original data using a 10-point sliding window. As the vibration 
amplitude increases, a larger reduction in axial forming forces 
can be observed. A monotonically increasing relationship 
between the input amplitude and resultant force reduction is 
seen. 

Fig. 6 shows the effect of increasing amplitude on forming 
force for a funnel with increasing angle. The tool starts with the 

position on a 25° angle and approaches 84° at the depth of 
68.5mm. In all the funnel trials, the sheet exhibited failure at an 
angle between 80-84° which is to be expected due to the 
forming limit of ISF.  The effect of ultrasonic assistance is 
small from 25° to 34°. From 34° to 84°, the forming forces 
begin to decrease. Fig. 6 shows the average force reduction 
percentage from 100s to 450s for the UA-SPIF funnel. The 
force reductions for UA-SPIF 45° and 67° cones are also 
presented in Fig. 7. At a vibration amplitude of 3.29μm, the 
force reduction almost doubles that of 1.66μm amplitude. 
Additional experiments are required to understand the break in 
the positive correlation trend for the 2.48μm oscillation 
amplitude. 

3.2 UA-TPIF  

Fig. 8 shows the forming forces for an SPIF, TPIF, and a 
UA-TPIF sample. The SPIF and zero-squeeze TPIF curves 
differ initially due to the unconstrained bending region in SPIF 
[35]. However, the forming forces of the SPIF and zero-
squeeze factor TPIF converge to about the same value after 
about 350 seconds as expected for zero-squeeze factor. The 
110N force difference between the 0% and 40% programmed 
squeeze factor is a result of squeezing between the sheet and 

 

Axial Force 

Planar Force 

 

  

 
 
 

 

 

Fig. 4 Forming force comparison between non-UA and UA-SPIF 45° cone 

Fig. 7 Force reduction percent for UA-SPIF samples with respect to ultrasonic 
vibration amplitude 

 

Fig. 5 Forming forces for UA-SPIF 67° cone with varying ultrasonic amplitude  

Fig. 6 Forming forces for UA-SPIF funnel with varying ultrasonic  vibration 
amplitude 
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die. At 40% squeeze factor, a superimposed ultrasonic 
oscillation of 3.29μm was applied at 380 seconds. The axial 
force shows a distinct drop at 380s and asymptotes to a mean 
force lower than that in the SPIF and TPIF samples. Both axial 
and planar forces for the 40% squeezed part are shown in Fig. 
9. The average axial and planar force reduction percent is 
calculated to be approximately 11% and 15% with respect to 
forces prior to ultrasonic assistance. 

Fig. 10 shows the results of a 45° cone at 0.25mm step size 
and 40% squeeze factor with UA cycled on (regions R2 and 
R4) and off (regions R1, R3, and R5). The axial and planar 
force behavior is similar to Fig. 9. The axial forming force 
drops when UA is turned on and reaches a steady state value. 
The planar force also experiences a reduction but in a more 
gradual nature. In both cases, the force experiences a transient 
when UA is applied and when UA is turned off as seen in 
regions R2 and R3.  

A macroscopic image and 3D thickness color plot of the 
UA-TPIF part is presented in Fig. 11. Ultrasonic assisted 
regions are clearly visible with a decreased thickness. A cross 
section taken along the center of the sample is plotted along 
with the force curve in Fig. 10. The thickness at the end of 

region R1 is approximately 1.12mm and the minimum 
thickness measured in region R2 is 0.97mm. Once UA is turned 
off, (region R3), a gradual increase in thickness is observed. 
This transient behavior is repeated with regions R3 and R4. As 
seen in Fig. 11, regions with UA off are more reflective than 
regions with UA on.  
 

4. Discussion 

4.1 Effect of ultrasonic vibrations on single-point 
incremental forming 

Ultrasonic assisted incremental forming was shown to 
reduce the forming forces during both single and two-point 
incremental forming processes. The force reduction magnitude 
in UA-TPIF is significantly larger than in UA-SPIF as seen in 
Table 1. From Fig. 4 and Fig. 6, large dips in forces are 
observed at repeatable stamps in time regardless of the 
ultrasonic amplitude. Since the frequency of the tool is 
maintained, we hypothesize that the dips in forces are due to 
membrane vibration [38]. Without a rigid surface backing the 
sheet, the forming area of the sheet is unrestrained from 
vibrating elastically. Thus, a significant amount of acoustic 
energy is transferred into the elastic vibration of the entire 
sheet, which reduces the ultrasonic softening effect that would 

 
 
 

 
 

 
 
 

 
 

Fig. 10 UA-TPIF forming force and thickness for a 45° cone with 40% 
programmed squeeze and 0.25mm step size  

Fig. 9 Axial and planar forces for UA-TPIF 45° cone and 0.50mm step size. 

Fig. 11 Macro image of part and 3D thickness color plot in mm 

Fig. 8 Axial forming force for a 45° cone comparing SPIF, TPIF, and UA-
TPIF with 40% programmed squeeze and 0.50mm step size. Since SPIF, 
TPIF, and UA-TPIF all have different tool paths, different depth-time profiles 
are generated. The depth profile represents the SPIF sample.  
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be observed during plastic deformation. During TPIF, this 
motion is better restrained by the rigid supporting die and 
allows for more of the acoustic energy to be transferred into 
plastic deformation and ultimately higher force reduction. 

Simplified groove forming UA-SPIF experiments were 
conducted by Vahdati et al.  [17] which displayed force 
reductions of 23.5%-26.3% at a tool vibration frequency of 
21kHz. For an oscillation amplitude of 7.5μm, the force 
reductions are 3-4 times the values observed here. There are 
two differences to point out between these two setups. First, the 
deformation stress states of the straight groove test may differ 
to the conical shapes formed here. Literature has shown that 
with increasing ratio of shape curvature to tool diameter, 
greater plane strain conditions are observed [39]. As the ratio 
decreases, the deformation strain becomes more biaxial in 
nature. Second, in UA-ISF, the ultrasonic effects exist in both 
surface and volume region of the sheet, which are reflected as 
friction and flow stress reduction respectively. The repeated 
deformation of the same area of material in Vahdati’s line test 
can potentially optimize on volume effects of the previous pass. 
During the process of forming conical shapes in this study, new 
material is being deformed. However, with finer step sizes, we 
do observe increases in force reduction but this current data set 
has only two varying step sizes. Interactions between the tool’s 
current path and previous path requires further study and a 
larger sample size. In addition, their forming forces did not 
appear to have large dips which may be an influence of the 
geometry and the forming area opening of their groove test. 
Further membrane modelling study will be needed to determine 
if the tool passes over resonance locations since the sheet 
geometry continuously changes during incremental forming, 
which can modify the natural vibration frequency of the sheet.  

The relationship between oscillation amplitude and force 
reductions is consistent with the results of fundamental studies 
on ultrasonic assisted tensile and compression tests [22,23]. As 
the oscillation amplitude increases, the force reduction 
increases as shown in Fig. 5 and Fig. 6. The variation in 
thickness of UASPIF samples were within the error of the 
scanning tool, 0.063mm, and therefore we cannot conclude that 
there are any significant changes in the thickness due to UA 
during SPIF. 

 
4.2 Effect of ultrasonic vibrations on two-point incremental 

forming 
 
In comparison to UA-SPIF, the force reduction in UA-TPIF 

is considerably higher. As seen in Fig. 9 and Fig. 10, when UA 
is turned on the axial force drops and asymptotes to a lower 
average value. The planar force approaches a lower mean value 
but more gradually. There are two distinctions between the 
0.5mm and 0.25mm step size UA-TPIF samples. First, both 
axial and planar force reductions are higher for the smaller step 
size sample at equal programmed squeeze and angle. This 
requires further study as the experiments presented here only 
involve two levels of step size. The second observation is the 
appearance of a transient behavior in the 0.25mm step size 
sample. Both regions R2 and R3 show transient behavior when 
UA is turned on and off which correlates to the transient 
thickness behavior in Fig. 10. Additional tests are required to 

determine if the steady state value is coincidentally due to the 
period of this ultrasonic cycle or the inherent forming behavior 
regardless of the UA period.   

Ultrasonic vibration has the potential to heat the material 
and lower the flow stress. However, increases in temperature 
have been found, in tensile and compression tests, to be 
negligible and only occur with large acoustic intensities [27,33, 
40]. In addition, during ultrasonic-assisted compression and 
tension tests, the ultrasonic vibrations are applied to the entire 
specimen continuously. In comparison, during UA-ISF, new 
material is continuously being deformed under the tool. As 
such, the effect of temperature on flow stress reductions was 
assumed to be negligible in this work. 

The corresponding thickness profile of the formed sheet is 
shown in Fig. 10. Once the UA is turned on, the sheet thickness 
decreases and reaches a minimum value of 0.97mm in region 
R2 with the current set of process parameters. After UA is 
turned off, the thickness gradually increases to a value greater 
than the minimum thickness in region R1. Assuming 
conservation of volume, the material in the thinned region 
would have had to be pushed towards the center of the part, 
which is indicated by a larger thickness in region R3. The 
difference in minimum thickness between region R1 and R2 is 
150μm for a tool oscillation amplitude of only 3.29μm. This 
difference can be noticed visually from Fig. 11.  

This study provides preliminary results into the effects of 
applying ultrasonic vibrations in both single-point and two-
point incremental sheet forming. Additional experiments are 
planned as only one part was formed for each process 
parameter in this study. Further work is required to understand 
transient behaviors and the effect of step size on force and 
thickness reduction. 

5. Conclusions 

In this study, AA 7075-O sheet samples were incrementally 
formed under ultrasonic assistance in single and two-point 
incremental configurations. Based on the measured forming 
forces and thickness values, following conclusions can be 
made: 
• Ultrasonic vibration can reduce forming forces during 

incremental forming process. 
• Reduced axial and planar forming forces were observed in 

both UA-TPIF and UA-SPIF process under different 
forming angles and incremental step sizes. 

• The magnitude of force reductions generally increases as 
the oscillation amplitude increases. 

• The magnitude of force reduction is significantly larger for 
UA-TPIF compared with UA-SPIF. The smaller force 
reduction in SPIF is hypothesized to be due to energy 
transferred to membrane vibration. 

• When UA is turned on during UA-TPIF, a force reduction 
is seen in both the axial and planar curve. The observed 
thickness reduction is much higher than the oscillating 
displacement amplitude of the tool. 
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