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ABSTRACT. This article analyzes the me-
chanics of the metal ultrasonic welding
process as a basis for a new solid free-form
fabrication technology. Three-dimen-
sional prototypes are constructed by ultra-
sonic welding of overlaid metal foil lami-
nations, followed by contour cutting of the
2-D layers. This was implemented in the
laboratory by a computer-automated ul-
trasonic welding station, and the normal
compression, ultrasonic vibration, and
process time for a single weld were exper-
imentally optimized. The layered proto-
types from aluminum foil exhibit density
and stiffness comparable to solid speci-
mens. Using strain gauge measurements
on the prototype surface, the friction con-
ditions at the foil-substrate interface were
characterized via a simple analytical
model of the elastic stress field and used
to calibrate a full numerical simulation of
the ultrasonic welding mechanics in order
to relate the propagation of plastic defor-
mation to the bond development. Besides
solid metal and multi-material compos-
ites, “cold” ultrasonic welding enables in-
tegration of prefabricated components
into intelligent structures, yielding active
prototypes with internal functionality.

Introduction

Fusion welding methods have been piv-
otal for an important class of solid free-
form fabrication (SFF) technologies
based on molten metal transfer. These in-
clude shape deposition manufacturing
(Ref. 1), shape melting technology (Ref.
2), direct metal deposition (Ref. 3), 3-D
welding (Ref. 4), electron beam SFF (Ref.
5), SFF by gas metal arc welding (GMAW,
Ref. 6), scan welding (Ref. 7), and other
methods. However, fusion welding based
SFF methods exhibit several limitations
related to the molten material deposition.
In particular, use of metal fusion may re-
sult in solidification defects (porosity, in-
clusions, incomplete fusion, columnar and
segregated structures, etc.) and undesir-
able material transformations (sensitiza-
tion, softening, embrittlement, etc.). Fu-

sion welding techniques are usually not
well suited to welding of dissimilar metals
or incorporation of various other materi-
als to metal-matrix composite (MMC)
structures. Moreover, the elevated weld-
ing temperatures and the associated dif-
ferential thermal expansion and contrac-
tion often result in residual stresses and/or
thermal distortions, compromising the di-
mensional tolerances and size of parts that
can be built. These deficiencies, as well as
certain inherent health and safety hazards
(burns, electric shocks, toxic fumes, irradi-
ation, etc.) hinder a wider commercializa-
tion of these technologies.

These limitations of fusion welding in
SFF processes are addressed by the ultra-
sonic rapid prototyping (URP) technol-
ogy (Ref. 8). This is based on ultrasonic
welding (USW) of thin material foil on the
stack of previously joined layers, followed
by contour cutting (e.g., carbide tip scrib-
ing) to blank the proper foil section. This
laminated part fabrication reaps the ben-
efits of the USW process for simple, effi-
cient, safe, solid-state “cold” joining of
multiple materials, as well as its scalability
and integration capability in rapid proto-
typing procedures. Therefore, the objec-
tives of this article are to elaborate on the
laboratory implementation of spot ultra-
sonic welding of thin metal foils and the
selection and optimization of the process
conditions for URP. For this purpose,
however, the main emphasis in this paper
is on the development, calibration, and
validation of a USW mechanical model
using numerical, analytical, and experi-
mental methods, and its utilization for
studying the welding features in URP.  

Ultrasonic welding is a solid-state join-
ing process producing a bond by local
high-frequency (f) vibration of amplitude
X, coupled with normal compression P of
the parts for a short time period T — Fig.
1 (Ref. 9). Empirical studies of the USW

process mechanisms and the resulting ma-
terial microstructures (Refs. 10–13), the
ultrasonic weldability of metallic and
other materials (Refs. 14–18), and the ad-
vantages and applications of the USW
method (Refs. 19–25) have been reported
in the literature. This was accompanied by
early research on the USW mechanics by
analytical and experimental methods, in-
cluding photoelasticity and microscopy
(Refs. 10–13, 26, 27), and on heat transfer
by analytical and calorimetric techniques,
particularly in the former-Soviet literature
(Refs. 27–29). Newer works in the bibliog-
raphy address USW process monitoring,
control, and optimization (Refs. 29, 30),
precision joining (Refs. 31, 32), and new
technologies, especially in Japan (Ref.
17). However, there is still an outstanding
need for comprehensive and quantitative
description of the USW mechanisms, to
enable new process applications such as in
rapid prototyping.

Laboratory Implementation

Thus, ultrasonic welding offers an ideal
basis for solid free-form fabrication of ob-
jects from multiple material foils and
other elements. The arrangement of such
ultrasonic rapid prototyping is illustrated
in Fig. 2. The prototype materials are fed
in thin foil form from a supply drum to the
process table. The layered part is built on
an anvil base driven by the positioning
table, with the new foil fed at the top of the
stack. This is welded by the sonotrode tip
or wheel to the already deposited layers,
through multiple ultrasonic spot or seam
welds, forming a grid inside the welded foil
section. The sonotrode is surrounded by a
clamping fixture, compressing vertically
and constraining the welded layers in
place, to damp out the stress waves and
protect the previous welds against poten-
tial resonances. For parts with overhang-
ing regions, these are supported by an aux-
iliary sacrificial material envelope
surrounding the prototype within a re-
tractable wall fixture. Next, the top layer is
cut to the proper section contours by fine
end milling or diamond/carbide tip scrib-
ing. The regions of the surrounding sup-
port envelope are also crosshatched dur-
ing each machining step for easy removal
after the end of the process. The remain-
ing residual portion of the top foil is re-
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moved after each layer processing to a re-
cycling drum. The motion of the foil
drums, the base x-y table, and the tool
head z stage is coordinated through their
electronic drivers by the system computer
under software control.

This URP process was implemented in
the laboratory on the semiautomated
hardware setup of Fig. 3 (with manual ma-
terial feed). This consists of a metal ultra-
sonic welding machine, rated at 3.5 kW
and frequency f=20 kHz, with a 140-mm
beam tool-steel sonotrode, ending at a 4-
× 4-mm-square tip with textured surface.
The vertical compression P is effected by
six pneumatic cylinders, and the horizon-
tal vibration amplitude X is adjustable at
the transducer irrespective of the load.
Cutting is performed by a fine four-flute
end mill (1.59 mm in diameter) rotated by
a vertical drill spindle with a speed of
5000–30,000 rpm. The anvil, consisting of

a roughened tool-steel base, as well as the
tool head carrying the ultrasonic welding
machine and cutting tool, are moved by
stepper motor positioning stages, with op-
tical encoder feedback and microstepping
control, providing 230-mm travel and
12.7-µm resolution. These are guided by
electronic drivers through a three-axis
motion control card installed in the system
computer, which also controls the power
units of the rotary drill press and the metal
ultrasonic welding machine. The latter can
be interchanged with an available plastic
foil ultrasonic welding system rated at 300
W and f=70 kHz (not shown in Fig. 3).

The URP system software drives the
hardware motions and welding/cutting op-
erations as dictated by the prototype
geometry to be constructed. This is im-
ported in standard structural triangle lan-
guage (STL) computer-aided design
(CAD) format, in which the external sur-

face of the 3-D object is represented by
small triangular facets. The software rou-
tine determines the successive foil con-
tours through sectioning these STL facets
by a stack of horizontal planes corre-
sponding to the prototype layers. The
straight-line segments resulting from the
triangle/plane intersections comprise the
contours profile of each layer, thus defin-
ing the respective cutting tool path. For
geometric precision of the machined sur-
face, continuous-path motion along the
contours is implemented during foil cut-
ting. In ultrasonic spot welding, the weld
locations are selected at the nodes of a
square virtual grid superposed over the
welded foil section. If the grid spacing be-
tween neighboring selected spot welds is
less than the sonotrode tip size (4 mm),
the adjacent or overlapping welds result in
a fully welded layer area (typically used for
aluminum prototypes). A fast point-to-

Fig. 1 — Ultrasonic welding process setup. Fig. 2 — Ultrasonic rapid prototyping arrangement.

Fig. 3 — Laboratory station for ultrasonic rapid prototyping and strain gauge
measurement.

Fig. 4 — Single-weld specimens for shear tests and ultrasonic weld top view
with tearing at edge.
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point motion is used between successive
spot positions. The functions of the URP
system software are controlled through a
graphical user interface (GUI) environ-
ment on the station computer, where all
respective processing parameters are also
entered and adjusted.

Process Conditions and 
Experimental Tests

This laboratory URP station was ap-
plied to construction of solid aluminum
prototypes built from 0.127-mm-thick Al
foil (1100). First, the ultrasonic welding
process conditions were experimentally
selected to optimize the shear strength of
single lap welds on the specimens of Fig. 4
during a series of tensile tests on a univer-
sal testing machine. Thus, the normal

compression was set to P=400 N, the vi-
bration amplitude to X=7.62 µm, and the
total welding cycle time to T=0.5 s. For ex-
ample, Fig. 5 illustrates the laboratory
data on maximum shear of ultrasonic
welds performed at the optimal compres-
sion P and vibration X settings above, at
various processing times T. It appears that
after the initial increase during the weld
development, the shear strength reaches
its maximum value at the selected optimal
cycle time T=0.5 s. After these optimal
process conditions are exceeded, the weld
region reaches the strength of the base
material foil. Therefore, it is the latter, not
the ultrasonic weld, that fails in tearing
during the specimen tests at the stress
concentration locations, i.e., the weld cor-
ners of the sonotrode tip footprint — Fig.
4. Similarly, the end-milling variables were

experimentally optimized to obtain good
surface finish with minimal burr. The ro-
tation speed was set to 30,000 rpm, the
machining feed rate to 25.4 mm/s, and the
depth of cut to 0.127 mm, i.e., the thick-
ness of one aluminum foil.

Next, these process conditions were
employed in fabrication of test prototypes
with a dog bone geometry according to
Standard ASTM E8-96a, for assessing the
mechanical properties of the layered ma-
terial. Figure 6 shows such a laminated
aluminum specimen of 1.14-mm thick-
ness, i.e., consisting of nine foil layers. The
density of this layered prototype was
found by volumetric measurements to be
98% of that of a solid aluminum specimen.
Subsequently, the prototype welds were
subjected to pure shear at the lamination
planes during torsion tests, where the

Fig. 5 — Optimization of process cycle time T through shear strength tests of
single welds.

Fig. 6 — Comparative torsion test of solid and layered specimen (bottom pic-
ture).

Fig. 7 — Strain gauge arrangement on substrate surface. Fig. 8 — Arrangement of 2-D elastic analytical model.
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parts are loaded to known torques by an
attached 200-mm cantilever arm, thus cre-
ating angular deflections of the arm end.
Figure 6 compares the torsion stiffness of
the layered vs. the solid specimen, thus at-
testing to the mechanical integrity and
strength of the layered URP prototypes.
Similar results for the elastic properties of
the two parts have been obtained in ten-
sion and bending experiments (Ref. 33).

Besides these eventual in-service me-
chanical properties of the produced URP
parts, the in-process generated load and
deformation distributions in the material
during USW are of decisive importance
for the prototype quality and its resulting
performance. Therefore, as mentioned at
the introduction, these are the focus of the
subsequent analysis. In the laboratory,
such strain in the weld region during ul-
trasonic welding was measured by minia-
ture resistive gauges attached adhesively
on the top surface of the already welded
partial prototype (the substrate), i.e., be-
fore the top foil is welded on it. Since the
experimental evidence of Fig. 4 indicates
a stress concentration at the loading
edges, a pair of identical strain gauges
(EA-series at 350 Ω) was placed directly
anterior and posterior to the sonotrode
footprint area, longitudinally along the x-
direction of ultrasonic vibration — Fig. 7.
The strain gauges were connected in a half
Wheatstone bridge to an analog
power/conditioner unit for transducer ex-
citation and signal isolation, amplifica-
tion, filtering, and linearization — Fig. 3.
The voltage signal was measured by an
analog-to-digital data acquisition board at
a frequency of 200 kHz (i.e., 10 samples
per ultrasonic vibration period) and a 12-
bit resolution (i.e., 2.44 mV within a 0–10
V range), and recorded by the system
computer through instrumentation con-
trol software. The measured longitudinal
strain εxx at the previously selected process
conditions exhibits a sinusoidal waveform:

εxx(t)=êxx(t)sinω t
ω=2π f

(f=20 kHz)                       (1)

with a time-variable amplitude envelope
êxx during the welding cycle. These labora-
tory data are used for identification and
calibration of the frictional conditions at
the top foil-substrate interface, and for ex-
perimental validation of the analytical and
numerical USW mechanical models intro-
duced below — Fig. 9.

Analytical Modeling and 
Interface Friction

Besides the substrate top surface, the
stress-strain field must be studied in the
prototype volume, and particularly at the

top foil-substrate interface, where slip-
page occurs and the USW joint is devel-
oped. First, to obtain quantitative insights
to the load and deformation distribution
in the substrate, a simple analytical model
of the USW process mechanics was devel-
oped (Ref. 34). This provides a static, lin-
ear elastic, two-dimensional description of
the stress-strain field on a part cross sec-
tion (x,y) in the direction of ultrasonic vi-
bration — Fig. 8. In particular, the fully
welded substrate material is assumed ho-
mogeneous and isotropic, with elastic
properties equivalent to those of the base
metal — Fig. 6. The thermal distribution
during ultrasonic metal  welding has been
reported in the literature (Refs. 12, 35, 36)
to temporarily reach peak temperatures
between 35 and 65% of the material melt-
ing point (200°–400°C in aluminum).
However, because of the effective heat
dissipation in the aluminum sheets, as well
as through the anvil and sonotrode, the
temperature on the surface of the foils at
the location of the strain gauges (Fig. 7)
was found to reach lower levels (about

50°C at a distance of 3 mm from the
sonotrode), by infrared pyrometry and
thermocouple measurements (Ref. 37).
Therefore, the material properties were
assumed as invariant at an average tem-
perature of 30°C. The thick substrate is ap-
proximated by an elastic half-space under
plane stress conditions (i.e., with negligi-
ble stress σzz=0 in the transverse direction
z, where the prototype is unconstrained).
This is loaded on its free surface by a uni-
form normal pressure p=P/A=25 MPa
under the sonotrode area A=16 mm2, and
a tangential shear q=Q/A due to friction
Q with the top foil, generating the stress
distribution — Fig. 8:
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Fig. 10 — Top view and cross section of equivalent stress field at yield point.

Fig. 9 — Measured and simulated surface strain amplitude during USW process cycle.
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(2B)

(2C)

where 

,

,
and a=4 mm is the tip size — Fig. 8.

Clearly, the linear elastic stress field of
Equations 2A–C is a superposition of two
terms, due to pressure p and shear q, re-
spectively. The respective elastic strain
field for plane stress loading is (Ref. 38)

(3)

where E=72 GPa is the Young’s modulus
and ν=0.33 the Poisson’s ratio of the ma-
terial (Al 1100). In the USW process, dry
friction (Coulomb, Ref. 39) conditions are
assumed at the top foil-substrate interface
surface. Thus the maximum shear q during
one ultrasonic vibration period is related
to the normal pressure p by q=±µp,
where µ is an average friction coefficient
over the contact area A under the
sonotrode tip. Using this assumption, the
stress Equations 2A–C can be substituted

in the strain Equations 3A–C, and inte-
grated over the strain gauge length L (Fig.
8) to yield an averaged estimate of the
maximum measured strain on the surface.
By comparing the resulting analytical
maximum value of êxx to the experimental
strain amplitude data (Equation 1), the
friction coefficient µ can be identified as

)(4)

where c=1.075 is a geometric constant,
dependent on the strain gauge length (for
L=2a). Equation 4 yields an estimate of
the friction coefficient µ(t) that varies,
over the time of a USW process cycle (in
the range of 0.33–0.58 for Al), linearly
with the surface strain measurements.

Numerical Simulation and Plastic
Deformation

Beyond characterization of the friction
conditions at the interface surface by the
previous elastic closed-form model, a
study of plastic deformation analysis in the
prototype volume must be performed, in
relation to the USW weld development.
For this purpose, a full numerical simula-
tion was established based on the finite el-
ement method (FEM, Ref. 40), to de-
scribe the USW process mechanics in both
the top foil and the substrate. This is a dy-
namic, elastoplastic, three-dimensional
computational model, with flexibility in
the representation of complex prototype
geometries, ultrasonic vibration cycles,
and material properties. In particular, the
energy of distortion criterion (von Mises,
Ref. 38) is employed for the transition
from elastic deformation to plastic yield,
which occurs when the scalar equivalent
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Fig. 11 — Horizontal displacement amplitude on foil and substrate contact surface under the tip.

Fig. 12 — Schematic arrangement of microfluidic pump and USW aluminum prototype.
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stress σeq reaches the yield point σY of the
material (120 MPa for Al 1100):

(5)

where σ1, σ2, and σ3 are the principal stress
components. After yielding, the material
is assumed to follow a kinematic bilinear
strain-hardening behavior, i.e:

(6)
where εeq is the scalar total strain and B the
tangent modulus for hardening (64.5 MPa
for Al).

It should be noted that in USW the
speed of vibration Ú=Xω=0.96 m/s is
much less than the stress wave propaga-
tion velocity in the material (c1=6300 m/s
for pressure waves and c2=3100 m/s for
shear waves in Al). Similarly, elemental in-
ertial forces due to the ultrasonic acceler-
ation are smaller compared to the mater-
ial stiffness (Ref. 41). Therefore a
quasi-static simulation was also imple-
mented for computation efficiency, in
which the stress/strain amplitudes are sta-
tically determined, and complete dynamic
vibration periods are simulated only as
needed. In the FEM model, the boundary
conditions include absence of displace-
ment at the anvil base and clamped lateral
boundary, and absence of load at the free
top foil surface. The contact area of the
foil with the sonotrode tip is loaded in
compression p and is displaced horizon-
tally in ultrasonic vibration by ux=Xsinωt.
At the interface surface, no relative dis-
placement (no slip) occurs when the local
shear τyx<µ(t)σyy; when the dry friction
limit τyx=µ(t)σyy is reached at an interface
point, the shear stress saturates and local
slippage occurs between the foil and the
substrate. The friction coefficient µ(t) in
the numerical model is calibrated by the
analytical estimate of Equation 4 accord-
ing to the experimental data for êxx (Equa-
tion 1).

Figure 9 compares these laboratory
measurements of the interface strain am-
plitude êxx to the respective predictions of
the calibrated numerical simulation. The
close agreement of this experimental tran-
sient with that of the computational model
attests to the validity of the latter. First in
the elastic domain, the initially slippery in-
terface (µ around 0.33) limits the shear
stress τyx that can be transferred to the
substrate, and relative slippage with the
top foil results in low elastic strains êxx.

However, as the USW friction progres-
sively alters the tribological conditions by
disruption of surface films, increase of the
metallic contact area, moderate tempera-
ture rise, and establishment of micro-
welds, µ(t) grows with time, gradually in-
creasing the surface strain (Equation 4)
due to the afforded higher shear stress.
Figure 10 illustrates the equivalent stress
field σeq (Equation 5) on the longitudinal
(x,y) cross section and the top surface (x,z)
of the substrate, at the end of the purely
elastic regime (i.e., at about t=0.3 s in Fig.
9). This demonstrates the 3-D stress dis-
tribution in the part, as well as the ob-
served stress concentration at the anterior
and posterior edge of the sonotrode con-
tact surface in the direction of ultrasonic
vibration.

Next, when the latter stress level
reaches the yield point at these stress con-
centration points (Equation 5), local plas-
tic deformation is initiated. In this plastic
regime (Fig. 9), the stress, the measured
strain, and the friction coefficient show
only a modest increase due to strain-hard-
ening (Equation 6), thus allowing further
metal regions to yield. As the plastically
deformed zone propagates, the limited in-
terface shear τyx at these yielded areas, in
combination with the prominent interfa-
cial friction (µ around 0.58), enforce lo-
cally the no-slip condition again. There-
fore, the foil surface is attached locally to
the substrate, thus resulting in the gradual
development of the ultrasonic weld re-
gion. Finally, at the end phase of the USW
process, the material is elastically un-
loaded, with some residual plastic strain
remaining at the measurement region —
Fig. 9.

The establishment of the joint on the
interface surface is further illustrated in
Fig. 11, which plots the simulated distrib-
utions of longitudinal displacement am-
plitude ux for the foil and substrate sur-
faces under the sonotrode tip (–a/2, a/2).
At the initial elastic deformation (at t=0.2
s, Fig. 11A), the gap between the dis-
placement of the foil (almost uniformly
equal to the sonotrode vibration ampli-
tude X) and the small one of the substrate
surface represents the relative slip be-
tween the two sides. Inception of plastic
deformation (at t=0.3 s, Fig. 11B) is man-
ifested by the large displacements of both
the foil and the substrate metal, peaking at
the center of the contact area. There the
relative displacement gap is bridged com-
pletely and the local slippage is elimi-
nated, thus generating the ultrasonic weld
nucleus.  Within a short time (t=0.35 s,
Fig. 11C), this initial anchoring between
the two sides is spread over most of their
contact surface under the sonotrode tip,
where their displacements are equalized
and permanent attachment ensues as a re-

sult of the USW welding mechanisms
mentioned before. This joining at the sur-
face subsequently raises the stress level
and leads the surrounding region inside
the foil and the substrate volume into the
plastic regime, as discussed above, there-
fore expanding the cross section of the ul-
trasonic weld.

Conclusion

The previous numerical simulation,
with its interface boundary conditions ex-
perimentally calibrated via the analytical
model, provides a flexible tool for the
study of USW in rapid prototyping appli-
cations. It is presently used for further op-
timization of the process conditions, the
sonotrode tip geometry, the configuration
and spacing of the weld location grid, etc.
It can also be employed for ultrasonic
weldability analysis of dissimilar metal
and nonmetal foils, since incompatibility
of the material compliances and plasticity
properties for USW can be indicated in
the model predictions. The simulation is
also applied for investigation of potential
fatigue failure of previous joints under the
cyclic loading from subsequent welds, the
stress concentration, and crack propaga-
tion at the edges of unwelded interface re-
gions. In addition, the FEM model can
simulate the deformation of prototypes
with complex external geometry, as well as
loading of delicate components encapsu-
lated internally in the part volume during
layered fabrication. Figure 12 shows a
URP-fabricated functional miniature
pump prototype with internal valves, di-
aphragm, and external lettering, con-
structed of 60 aluminum foil layers.  

In summary, a new rapid prototyping
technology is enabled by ultrasonic weld-
ing for fabrication of functional parts with
embedded active components and inter-
nal structures (such as shape memory al-
loys, Ref. 42), as well as custom-designed,
dense, and sound-layered metal products.
This method is based on the ultrasonic
welding process of thin foils, combining
solid-state, low-temperature, high-
strength welding with the flexibility and
integration capability of prefabricated el-
ements. Toward an analysis of ultrasonic
rapid prototyping, the establishment of a
single metal ultrasonic weld through plas-
tic deformation analysis was studied,
using a flexible numerical simulation of
the process mechanics developed in this
research. The friction conditions at the
foil-prototype interface surface were cal-
ibrated via a simpler analytical elastic
model of the stress field during the
process, using experimental data from
strain gauges. The tests were run on a
computer-automated ultrasonic welding
station in the laboratory, in which the pro-
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cessing conditions were experimentally
optimized, and the fabricated layered
prototypes from aluminum foil were
shown to exhibit density and stiffness
properties comparable to those of solid
metal specimens.
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