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a b s t r a c t 

Ultrasonic molding is a new technology used to process polymeric micro-molded parts. An ultrasonic horn, or sonotrode, transmits ultrasonic energy 
which melts the material and pushes it into a mold cavity to configure a shape. Sonotrode design – and any transformations to the dimensions or shape 
caused by tool wear – strongly affects efficient operation. The sonotrode may go beyond the generator operating frequency range, thus affecting process 
performance. This paper assesses two issues involving a stepped sonotrode employed in ultrasonic molding: (i) a design procedure that can predict the 
sonotode’s behavior during the molding process and (ii) a method for creating a sonotrode operating frequencies map which will facilitate the design of 
new sonotrodes and be able to determine the extent to which they can be re-machined after a certain period of wear. Numerical simulations carried out by 
finite element methods were compared to experimental measurements performed to capture the sonotrode frequency vibrational modes. A frequency 
map provides the dimensional range within which the sonotrode can be re-machined in order to eliminate tool wear and allow the sonotrode to work 
properly again, thus extending the lifecycle of the tool. 

 

1. Introduction 
 

Ultrasonic energy is currently being used to manufacture var- 
ious components (Sackmann et al., 2015) with processes such as 
ultrasonic welding (Rani and Rudramoorthy, 2013) and ultrasonic 
machining (Singh and Khamba, 2006). It is also used to assist during 
the manufacturing process such as, for example, in ultrasonic- 
assisted EDM (Liew et al., 2014), ultrasonic-assisted machining 
(Tabatabaei et al., 2013) and ultrasonic assisted injection molding 
(Yang et al., 2014). According to Michaeli and Opfermann (2006), 
technologies based on ultrasound are also becoming an attractive 
alternative that can improve the micro injection process for obtain- 
ing micro parts weighing less than 10 mg. 

Ultrasonic molding is a new technology for processing poly- 
meric materials, using ultrasonic vibration energy to melt the 
material and fill the mold cavity. In this process the plastic pel- 

 
 

lets are introduced directly inside the plasticization chamber and 
the material melts due to the ultrasonic energy applied by the 
sonotrode. The sonotrode also acts as a plunger, pushing the molten 
material inside the mold cavity. This process is divided into four 
stages, as illustrated in Fig. 1. First, the pellets are introduced 
into the plasticization chamber (Fig. 1(a)). Then, the sonotrode is 
introduced until the tip reaches the pellets (Fig. 1(b)). Next, the 
sonotrode starts to vibrate and move down applying compression 
force to the pellets (Fig. 1(c)). According to Michaeli et al. (2011), 
the pellets melt because the sonotrode vibrational energy increases 
their internal heat and the friction between them. The molten mate- 
rial starts to flow through the runners inside the mold cavity. When 
the mold cavity is filled up, the sonotrode remains in its final posi- 
tion to maintain the pressure during the material cooling stage 
(Fig. 1(d)). Finally, the sonotrode returns to its initial position and 
the mold is opened to extract the molded part. 

Michaeli et al. (2002) carried out pioneering tests using ultra- 
sonic energy rather than common heat energy to increase the 
efficiency when plasticizing small amounts of polymeric materials. 
They subsequently showed the feasibility of ultrasonic plasticizing 
of polymeric materials in different micro parts of Polypropylene 
(PP) and Polyoxymethylene (POM) using a conical sonotrode work- 
ing at 20,000 Hz (Michaeli and Opfermann, 2006). The results 



 

 
Fig. 1. Phases of the ultrasonic molding process: (a) feeding, (b) vibration initiation, (c) plasticization and cavity filling and (d) packing and cooling. 

 

presented showed the potential use of ultrasonic energy as an alter- 
native to conventional processes. 

Ultrasonic energy is also used to assist injection molding process 
during the filling and packing stages. In that case, a conventional 
machine is used to inject the molten material into a mold cavity 
and next a sonotrode included in this cavity provides ultrasonic 
vibration to the final part before the molten material is solidified to 
improve the part properties. Yang et al. (2014) used a 45 mm diam- 
eter horn, vibrating at 20,000 Hz with and 15 microns of amplitude 
to investigate the influence of the vibration energy when processing 
polycarbonate flat specimens. Results showed an improvement of 
the filling efficiency, because the melt temperature could be main- 
tained higher than in conventional injection molding during the 
filling stage. Sato et al. (2009) used a 19,000 Hz and 11 microns 
of amplitude acoustic equipment to process polycarbonate parts. 
They found that ultrasonic vibration enhanced the replication capa- 
bilities of the process, in particular, the weight was increased and 
surface roughness was improved. 

In ultrasonic molding technology, the ultrasonic energy melts 
the entire material and, at the same time, the sonotrode pushes it 
into the mold cavity (Fig. 1(c) and (d)), which differs completely of 
assisted injection molding process. Ultrasion S.L. (Sirera et al., 2012) 
implemented this technology industrially with a machine called 
Sonorus 1G, obtaining successful results on process efficiency and 
reduced energy consumption compared to conventional processes 
of micropart production. Thus far, stepped sonotrodes have been 
used in Sonous 1G. Recently, Sacristán et al. (2014) and Planellas 
et al. (2014) studied the effects of ultrasonic vibration on the mate- 
rial properties of micro-parts processed by an ultrasonic molding 
machine. In both cases, a 1000 W and 30,000 Hz ultrasonic gener- 
ator coupled with a titanium alloy stepped sonotrode was used to 
melt the polymer pellets. They found that part morphology was 
highly dependent on processing conditions, as well as on the com- 
bination of process parameters required for Polylactide (PLA) and 
Polybutylene Succinate (PBS) material. 

In this ultrasonic molding machine configuration (Sonorus 1G), 
the sonotrode has to be designed to vibrate in longitudinal mode 
(at a frequency determined by the generator). Otherwise, the 

sonotrode may collide with the plasticization chamber producing 
undesirable effects, such as deformation or cracks. Moreover it acts 
as a plunger and must be able to support all the forces and the 
heat generated during the melting process. The friction and the 
high temperatures can damage the sonotrode, wearing it down and 
altering the material properties; this can lead to the sonotrode fre- 
quency moving beyond the generator’s vibration frequency range. 
This paper focuses on two issues concerning the sonotrode: (a) a 
design procedure to meet all the machine requirements, and (b) an 
analysis of the sonotrode life cycle from the point of view of wear. 

The most commonly-used shapes in the design of sonotrodes 
are: cylindrical, tapered, stepped, exponential, conical and 

catenoidal. The German Electrical Manufacturers Association 
(1980) provides some theoretical and empirical equations to design 
and calculate preliminary dimensions of stepped and conical 
sonotrodes according to the required operating frequency and the 
material used. Nanu et al. (2011) presented a theoretical approach 
to design and simulate a stepped sonotrode used for ultrasonic 
assisted EDM with a copper electrode on the tip. They used sim- 
plified equations based exclusively on the material properties to 
calculate the sonotrode dimensions to vibrate at 20,000 Hz and then 
performed a FEM (finite element methods) analysis to determine 
the variation of sonotrode frequency regarding theoretical geomet- 
ric variations. Their results showed that the frequency increases 
when the sonotrode mass decreases. Nad (2010) analyzed several 
sonotrode shapes (cylindrical, tapered, exponential and stepped) 
for ultrasonic machining technologies and characterized them by 
FEM to determine the resonance frequency and the transformation 
ratio. He found that the value of resonance frequency and the trans- 
formation ratio of a sonotrode are essential parameters for selecting 
suitable shapes which, in turn, are strongly related to the techno- 
logical process under consideration. Wang et al. (2011) designed a 
new sonotrode to optimize the displacement amplification based 
on a cubic Bézier profile. They used a multi-objective optimization 
algorithm and a FEM analysis procedure to design it. Furthermore, 
they manufactured cylindrical Bézier sonotrode prototypes and 
compared their proposed design to experimental results using pho- 
tonic sensors. The results were also compared to a catenoidal shape 

 
and found that there was 50% higher displacement amplification 
and lower stress concentration for the Bézier profile. Considering 
these results, Wang and Nguyen (2014), designed a planar Bézier 

sonotrode to be used in ultrasonic cutting applications and they 
investigated the effects of the ultrasounds and sonotrode types on 
the penetration forces during this process. They compared the cut- 
ting forces with and without ultrasounds and the Beizer versus the 
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catenoidal shape, and found that the Beizer profile provided higher 
amplification, while reducing the stress and penetration forces. 
Rani and Rudramoorthy (2013) studied the difference between dif- 
ferent sonotrode shapes used in ultrasonic welding. The sonotrodes 
were simulated using FEM to evaluate their performance and they 
found that the maximum displacement was obtained with the 
Beizer and stepped profile, recording higher temperatures during 
the tests. Recently, Seo and Park (2012) designed a sonotrode to 
replicate micro-patterns in a polymer substrate by ultrasonic pat- 
terning. 

The wear suffered by sonotrodes in ultrasonic molding has not 
yet been studied. The analysis carried out in this present research 
of several used sonotrodes provides a method of eliminating the 
presence of wear and its location in the sonotrode tip. According to 
Kumar (2013), tool wear in ultrasonic machining can be classified 
into two types: longitudinal wear and lateral/diametrical wear. It 
depends on several issues, such as process parameters or workpiece 
material, and is an important factor that affects process accuracy 
and performance. Only very small errors in setup or tool dimensions 
are allowable. In ultrasonic welding, sonotrode wear can appear 
when processing hard materials, such as liquid crystal polymers 
(Troughton, 2008). This effect can be increased when reinforced 
materials are processed, and it also occurs in machining processes 
(Palanikumar and Davim, 2009). Tool wear has also been studied in 
rotatory ultrasonic machining processes (Liang et al., 2012). 

The literature shows that sonotrode design is inevitably linked 
to the end purpose of each technology and suggests that the steps 
taken during the design process are as follows: (a) a preliminary 
design is obtained using analytical equations to obtain a set of 
preliminary dimensions; (b) FEM modeling is then used to make 
adjustments according to vibration and machine requirements; (c) 
the sonotrode is manufactured; (d) experimental measurements 
are performed to validate the model and (e) the ultrasonic equip- 
ment is tested in order to check its performance. However, little 
attention has been paid to the effects of wear, which must also 
be considered to ensure the proper performance of the sonotrode 
during its life cycle. The novelty of the research presented in this 
paper is the two steps of the assessment (in this case, of a stepped 
sonotrode for ultrasonic molding technology): first, (a) apply the 
aforementioned design steps to predict the behavior of a stepped 
sonotrode during the ultrasonic molding process and then, (b) 
develop an operating frequencies map for the sonotrode according 
to the dimensional variations in the tip; this map can be used for 
re-designing new sonotrodes for the same job or for re-machining 
them, within certain limits, to extend their useful life. 

 
 

2. Methodology 
 

2.1. Methodology description 
 

In ultrasonic molding, the acoustic unit consists of the trans- 
ducer, the booster, the sonotrode and the generator (Fig. 2(a)). 
The electrical energy provided by the generator is converted into 
mechanical energy in the transducer. Vibration is then amplified 
by the booster and the sonotrode to obtain the desired vibration 
amplitude at the tip of the sonotrode. The design of the sonotrode 
in this case needs to take into account two main issues: (a) it 
must vibrate in longitudinal mode at the acoustic unit assembly 

 

 
 

Fig. 2. (a) Components of the acoustic unit (b) theoretical geometry of a stepped 
sonotrode and (c) final sonotrode design having considered the machine require- 
ments. 

 
frequency of 30,000 250 Hz,  otherwise  the  sonotrode  may  col- 
lide with the plasticizing chamber during melting process, and 
(b) it must meet the specific design features which include holes, 
grooves, and specific diameter dimensions to fit it into the booster 
(Fig. 2(c)). 

The design for the stepped sonotrode (Fig. 3) includes two main 
phases: the design approach and the FEM adjustments. In the 
design approach, analytical equations are used to obtain the pre- 
liminary stepped sonotrode dimensions (l1, l2, D1, D2). Next, based 
on these results, the CAD model is complemented with the spe- 
cific design features required for its assembly into the acoustic unit 
and its final dimensions are adjusted by finite elements modeling 
software. The result is a FEM model of the sonotrode. For the FEM 
adjustment process, the diameter dimensions (D1 and D2) were 
fixed and then different combinations of lengths were tested until 
the sonotrode vibrated in a longitudinal mode nearest 30,000 Hz 
with maximum amplitude at its tip. This process was repeated until 
the combination of lengths achieved the longitudinal mode closest 
to 30,000 Hz. To validate the FEM model, an experimental analysis 
was carried out using the manufactured sonotrode (Fig. 3). 

Taking into consideration the FEM model of the sonotrode 
and after analyzing several used sonotrodes from other work, a 
sonotrode operating frequencies map was created. The aim of this 
map is to find the maximum allowable variation of sonotrode 
length and tip diameter in order to increase the capacity for re- 
machining the sonotrode tip to remedy future wear. 

 
2.2. Analytical, modeling and experimental procedure 

 
This section explains in more detail each step described in Sec- 

tion 2.1. 
 

2.2.1. Sonotrode design approaches 
In this research, the stepped sonotrode (Fig. 2(b)) was designed 

in line with two analytical methods: (a) the ZVEI guidelines 
(ZVEI—German Electrical Manufacturers Association, 1980) and (b) 
Nanu et al. (2011). In any case the sonotrode needs to be designed 
to vibrate at 30,000 Hz to match the generator operating frequency. 
The titanium alloy used to make the sonotrode is Ti6Al4V, which 
has good strength, hardness and acoustic properties. 

In stepped sonotrodes, according to the ZVEI guidelines 
(ZVEI—German Electrical Manufacturers Association, 1980), the 
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2.2.2. Sonotrode design based on computer modeling 

 

 
Fig. 3. Stages in the development of a stepped sonotrode for ultrasonic molding. 

 

relationship between the two different diameters indicates the 
amplitude gain. For the sonotrode in this study, the input diameter 
– which is coupled to the booster – is 20 mm (D1) while the out- 
put diameter – which is introduced into the plasticization chamber 
– is 8 mm (D2). From this, a transformation ratio (Kt) of 6.25 was 
calculated using 

l 1.6 
ku 

where 

ku = 2n 

v 

 
(4) 
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  = f (6) 

 
where �1 and �2 represent the maximum vibration amplitudes on 
the input and output surfaces of the sonotrode, respectively; A1 is 
the input surface area and A2 is the output surface area. The vibra- 
tion of 35 microns (�2) on the tip of the sonotrode (i.e., maximum 
vibration on the output surface) is calculated as the combination of 
the gains of the transducer, the booster and the sonotrode. 

The length of the sonotrode determines its resonance mode fre- 
quency. In this case, the combination of sonotrode lengths that 
guarantees a longitudinal vibrational mode at the desired fre- 
quency is theoretically calculated by the following equation: l0 = 
l1 + l2 = k1 4

v 
f + k2 4

v 
f (2) 

 
  

A computer model based on FEM simulations was developed to 
adjust the sonotrode design approach (Fig. 2(b)) to the machine 
requirements by considering a threaded hole (M8 1.25) in the 
center of the top of the input surface and four semi-circular sur- 
face grooves on the sides of the output surface, as illustrated in 
Fig. 2(c). 

To take these features into account, FEM software PTC Creo 
2.0 was used to determine the final dimensions that provide a 
frequency value close to 30,000 250 Hz in the longitudinal vibra- 
tional mode. The material properties used to run the computer 

× × simulations were a Young’s modulus of 116.9 GPa, a density of 
where v is the sound velocity in the material, f is the frequency 

and k1, and k2 are coefficients that depend on the sonotrode cross 
sections. These values have been determined and adapted to the 
used working frequency by the method described in ZVEI Handbook 
(1980). 

The sonotrode was then designed using the methodology devel- 
oped by Nanu et al. (2011) who simplified Eqs. (1) and (2) and 
suggested the following expressions to determine the values of l1 
and l2, as shown in Table 1: 

1.5 

4453 g/cm3  and a Poisson ratio of 0.33. 
To determine the natural sonotrode vibration frequency, the 

following equation of motion is considered: 

¨ 

Md + Kd = 0 (6) 

where M represents the global mass matrix, K describes the global 
stiffness matrix, d is the vector system displacement. To determine 
the system vibrational frequencies, it is assumed that the equation 
of motion satisfies the harmonic solution of the form: 

l1 = (3) 
ku d =  cosωt (7) 
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Table 1 
Theoretical and final sonotrode dimensions. 

 
 
 
 
 
 

where is a system parameter related to the mode shape (ith eigen- 
vector), and ω is the natural frequency of the ith mode shape (ith 
eigenvalue). Substitution of Eq. (7) into Eq. (6), yields 

−M ω cosωt + K cosωt = 0. (8) 

Rearranging the terms, it is possible to show that the generalized 
eigenvalues can be determined from 

K =  M (9) 

where the substitution  ω2  is made in order to obtain the 
solution of Eq. (9) and to get the n system vibration frequencies, 
ω  =        , with their corresponding free-vibration mode shapes,    . 

 
 
 
 
 
 

cycles, sometimes a bad alignment, or a tip buckling due to the 
applied force, can lead to contact between the sonotrode and the 
mold as the clearance between them is less than 0.1 mm. This can 
drastically accelerate sonotrode wear by friction (lateral wear). Tip 
wear is the result of the cyclical contact between sonotrode and 
polymer pellets, and it varies depending on each material. For this 
reason, sonotrode length and tip diameter were varied using the 
computational model and their corresponding longitudinal vibra- 
tional frequency values were determined. Increments of ±0.1 mm 
in the case of l2 and 0.05 mm of D2 were introduced into the FEM 
model to calculate a series of predicted vibration resonance val- 
ues. In this way the maximum l2 of the sonotrode at which it still 

 
Geometric element analysis (GEA) was used and the structure was 
discretized into geometric elements. This mesh was divided into 
1963 tetrahedral elements with 3221 edges and 4522 faces, with 
a minimum edge length of 10.04 mm and maximum edge angle of 
167.86◦. The boundary conditions were set in accordance with the 
sonotrode clamping conditions. 

By using the computational model and by exciting the sonotrode 
at the frequency value of 30,000 Hz, the combination of sonotrode 
lengths are readjusted to activate the longitudinal vibration mode 
as well as to maximize the energy that is transmitted to the pellets 
during the manufacturing process. 

 
2.2.3. Experimental analysis 

Experimental measurements were carried out in order to vali- 
date the FEM model of the sonotrode. To obtain the dynamic 
behavior of the sonotrode, a non-contact laser vibrometer was used. 
The sonotrode vibrations were collected using a Polytec OFV 505 
laser head and a PolytecTM OFV-5000 vibrometer controller. The 
frequency response functions of the ultrasonic molding unit were 
measured using a PCB 086C03 impact hammer. Vibrations signals 
were acquired through a 4-channel OROS OR35 vibration analyzer 
and the NVGate® 6.7 Noise and Vibration software platform. Fig. 4 
shows the setup used for the experimental measurements. 

The sonotrode was attached to soft elastic cords and suspended 
to perform the impact hammer test. For each collected frequency 
response function (FRF), a minimum of five impact tests were per- 
formed. The sonotrode was excited by the impact hammer at its 
largest diameter area in the longitudinal axis. The collected FRF 
showed the response of the system  to  the  applied  stimulus.  In 
this particular case, laser vibrometer measured the velocity of the 
sonotrode (m/s) as a result of the impact force applied (N). 

 
2.2.4. Analysis of the sonotrode life cycle 

A set of previously used stepped sonotrodes (provided by the 
company that manufactured the ultrasonic molding machine) were 
analyzed in order to detect the presence and location of  wear. 
These sonotrodes were also made of Ti6Al4 V and were selected 
from a set of sonotrodes used during the production of different 
polymeric components batches manufactured with acoustic units 
vibrating at 30,000 Hz. The processing conditions varied depend- 
ing on the part material and geometry: the duration of ultrasonic 
energy applied in the working cycles was between 2 and 5 s, with 
amplitudes of vibration of up to 150 µm and an applied force of 
up to 6000 N. Although sonotrodes can withstand several working 

(29,750 Hz) and the maximum possible reduction to this l2 at which 
it will still function correctly in the upper limit (30,250 Hz) can be 
found. In the case of diameter, this reduction was applied only in 
the first 20 mm of the sonotrode tip, i.e., the part introduced into 
the plasticizing chamber during the molding cycle and which is sus- 
ceptible to wear. With the obtained values, the operating frequency 
map of the sonotrode could be obtained. 

 

3. Results 
 

3.1. Sonotrode design procedure 
 

Table 1 shows the results of the two design approaches and those 
of the computational model. The total variation of the sonotrode 
length (l0) between the two analytical methods is 2.52 mm, being 
the sonotrode calculated using Nanu et al. (2011) equations shorter 
than the one obtained following the procedure detailed in ZVEI 
Handbook (1980). Theoretically, for a new sonotrode, both meth- 
ods provided suitable dimensions to move to the stage of FEM 
adjustments. 

Both sonotrodes approaches were simulated excluding the 
machine requirements (Table 1, column Frequency without require- 
ments) and, in both cases, the frequency results were out of range. 
Nanu et al. (2011) approach is overcoming the upper frequency 
limit while ZVEI Handbook (1980) sonotrode is below the lower 
limit. Next, the machine requirements (the grooves and the thread) 
were added to the FEM models and, as expected, the mass reduction 
incremented the vibration frequency (Table 1, column Frequency 
with requirements). Finally, in both cases the lengths combination 
(l1 and l2) was adjusted. See the results in Table 1. 

In this case, the dimensions that are closest to the  real 
sonotrodes assembled in the SONORUS 1G machine correspond 
to those produced by the ZVEI Handbook (1980) method. Conse- 
quently, these dimensions were used for the final sonotrode design. 
As Table 1 shows, in the final design l1 and l2 were lightly adjusted 
to compensate the mass distribution to vibrate nearest to 30,000 Hz 
(ZVEI—German Electrical Manufacturers Association, 1980), due to 
quite mass was removed from D1 zone. 

For the final sonotrode design, there were twelve modal 
vibration frequencies whose values fall within the range of 
20,000–35,000 Hz (Fig. 5). The longitudinal sonotrode vibrational 
mode occurs at the frequency value of 30,023 Hz (mode 8, Fig. 5(a)), 
and the maximum amplitude is observed at the tip of the sonotrode, 

vibrates within the lower limit of the operational vibration range 

Phase Calculation method l1 (mm) l2 (mm) l0 = l1 + l2 (mm) Frequency without requirements (Hz) Frequency with requirements (Hz) 

Design approach ZVEI Handbook (1980) 42.47 44.53 87 29,608 29,742 
 Nanu et al. (2011) 40.88 43.6 84.48 30,343 30,450 

FEM adjustments ZVEI Handbook (1980) 42,47 44.03 86.5 – 30,002 
 Nanu et al. (2011) 40.88 44.36 85.24 – 29,997 
 Final sonotrode design 42.94 45.41 88.35 – 30,023 

 



 

 
Fig. 4.  Experimental setup for the sonotrode characterization with the Polytec OFV-5000 vibrometer. 

 

 
Fig. 5. Sonotrode vibration modes: (a) longitudinal mode (30,023 Hz), (b) twisting-longitudinal (29,007 Hz), and (c) twisting (30,823 Hz). 

 

with a maximum gain of 6.37. Of course, other vibrational frequen- 
cies could be excited. Fig. 5 illustrates some of these other sonotrode 
vibrational modes which describe different physical behavior that 
is unsuitable for the ultrasound molding process. For instance, if 
the sonotrode is tuned to the operating frequencies of 29,007 Hz 
or 30,823 Hz, it will exhibit twisting behavior which could damage 
the mold and the sonotrode itself. Fig. 5(b) illustrates a twisting- 
longitudinal mode, while Fig. 5(c) shows a twisting vibrational 
mode. 

 

3.2. Experimental analysis 
 

The results of the experimental analysis are plotted in Fig. 6. 
Fig. 6(a) shows a typical sonotrode FRF (frequency response func- 
tion) collected during the experimental impact hammer tests. From 
Fig. 6(a), it can be seen that the sonotrode exhibits vibrational 
modes at frequency values close to 30,000 Hz. In fact, the maxi- 
mum peak value of the FRF occurs at frequency value of 30,045 Hz, 
which matches the acoustic unit working frequency. Fig. 6(b) com- 
pares the experimental results and the computed numerical values 
obtained from the computer simulation model. At the operating 
point, the experimental frequency peak value (30,045 Hz) is very 
close to the peak obtained from computer simulations (30,023 Hz) 
with a relative error smaller than 0.1%. 

In addition, the dynamics performance of the whole acoustic 
equipment (Fig. 6(c)) was measured with the vibrometer system. 
In this case, the sonotrode was excited directly with the ultra- 
sonic generator. The measured resonance frequency was 29,980 Hz 
which confirms that the sonotrode is oscillating near the design fre- 
quency value. As expected, this value differs from those previously 
discussed since this value corresponds to the acoustic unit array. 

In this particular case, experimental measurements showed that 
the sonotrode and the acoustic unit oscillate at frequency values 
close to the designed longitudinal operational frequency value of 
the sonotrode. 

 
3.3. Analysis of the sonotrode life cycle 

 
After analyzing several used stepped sonotrodes, it was found 

that some of them presented longitudinal (Fig. 7(a)) and lateral 
(Fig. 7(b)) wear. As shown in Fig. 7, usage marks are observed near 
the sonotrode tip, which corresponds with the part of the sonotrode 
that is introduced into the mold. The presence of wear indicates a 
mass variation at the tip of the sonotrode, which leads to a varia- 
tion in the longitudinal vibration mode frequency. Moreover, the 
inhomogeneity at the worn surface causes a concentrated stress 
region and can lead to erroneous performance. In the particular case 
of Fig. 7(c), a rounded edge at the tip of the sonotrode is observed, 
which can cause a pressure drop in the molten polymer. Thus, in 
certain cases, eliminating the worn region can result in better per- 
formance and increase tool life. In the following sections, the results 
with regard to how dimensional variations on the sonotrode tip 
affect its dynamic response behavior are presented; specifically, 
with regard to the sonotrode length and the tip diameter variation. 

 
3.3.1. Dynamic effect of the sonotrode dimensional variation 

Two   analysis   were   carried   out   with   an   initial   length 
l2 = 45.41 mm and a tip diameter D2 = 8 mm, while l1 and D1 
remained constant. 

In the first analysis, length reductions of �l2 = 0.1 mm were 
introduced, keeping D2 constant. Finite element simulations were 
used to determine the corresponding longitudinal vibration mode 
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Fig. 6. Experimental vibrational response: (a) whole sonotrode frequency range, (b) 20,000–35,000 Hz amplification compared to simulation results (red solid lines) and (c) 
whole acoustic unit working response. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

frequencies. It was found that the length could be reduced to 
45.11 mm, while keeping the longitudinal vibration mode within 
the operating range of 30,000 250 Hz (Fig. 8(a)). Exactly the 
maximum dimension, considering a linear trend, is  45,038 mm. 
This means that the sonotrode length could theoretically be re- 
machining 0.37 mm to eliminate wear and maintain the operating 
frequency of 30,250 Hz. 

In the second analysis, the diameter was reduced with incre- 
ments of �D2 = 0.05 mm at the tip of the sonotrode, keeping l2 
constant at 45.41 mm. In this case, it was found that the diameter 
could be reduced to 7.90 mm  (Fig.  8(b)).  The  maximum  diame- 
ter considering the lineal trend of the data is 7.89 mm vibrating 
in 30,250 Hz. This means the tip diameter could theoretically be re-
machined by a maximum of 0.11 mm to eliminate wear and 
maintain the operating frequency. 

The analysis of the dimensional variation showed that the res- 
onance frequency value is increased when sonotrode length is 
reduced (Fig. 8(a)) and also when sonotrode tip diameter is reduced 

(Fig. 8(b)). In both cases, the reduction of mass in the tip of the 
sonotrode linearly increases the value of the resonance frequency 
of the longitudinal resonance mode. 

The two analyses provide the range of dimensional variation 
that the sonotrode could theoretically undergo via re-machining 
and yet still function properly—thus extending its useful life. This 
range is, however, very narrow (0.37 mm in length and just 0.11 mm 
in diameter) and provides very little flexibility for re-machining a 
worn or defective sonotrode. This range can be extended by increas- 
ing the initial sonotrode tip length until it vibrates at the lower 
operational frequency limit of 29,750 Hz. The diameter cannot be 
increased due to the machine and mold constraints; however, the 
length of a new sonotrode can be increased. 

Length increments of �l2 = 0.1 mm were introduced in the finite 
elements model to find the upper limit for sonotrode length that 
would maintain the longitudinal vibration mode of the sonotrode 
within the operational frequency range. This upper limit was found 
to be between 45.81–45.91 mm (Fig. 8(a)), concretely at 45.87 mm. 
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Fig. 7. Wear observed in different sonotrodes used in ultrasonic molding machines. 
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Fig. 8. Longitudinal vibration mode variation caused by dimensional variation (a) length reduction (b) tip diameter reduction. 

 
This represents an increase of 0.456 mm, which extends the total 
dimensional range to 0.826 mm. 

 
 

3.3.2. Operating frequencies map for a stepped sonotrode 
The operating frequencies map of the sonotrode is obtained by 

combining the longitudinal vibrational frequencies predicted by 
varying the dimensions of l2 and D2. (Fig. 9). The red shaded cells 
show the range of l2 and D2 combinations that are produced by cur- 
rent sonotrodes designed to vibrate at 30,000 Hz. The white squares 
are combinations whose frequency values are beyond the upper 
operational limits. Finally, the blue squares show the functioning 
range in which an oversized sonotrode could work properly within 
operational limits. 

This map can be used for two purposes: first, the functional life 
of a worn sonotrode can be extended using the dimensional limits 
provided by the map to re-machine it. Secondly, it can assist in the 
design of a new sonotrode. Any l2 and D2 combination that produces 
an operating frequency below the upper limit of 30,250 Hz and 
above the lower limit 29,750 Hz will produce a sonotrode whose 
acoustic system will function correctly. By designing it to vibrate as 
near as possible to the lower limit of 29,750 Hz, the sonotrode will 
have the maximum possible range of length and diameter available 
for re-machining after wear (i.e., the ‘Design Region’ in Fig. 9). 

4. Discussion 
 

Analytical models provide a good approximation of the 
sonotrode dimensions according to the desired resonance fre- 
quency. However, the equations of these models are based on 
simplified geometries and a FEM analysis for each particular case is 
required. In this study, both analytical approaches provide lengths 
combinations that vibrate near 30,000 Hz with longitudinal mode, 
but out of the operating range, therefore little adjustments were 
necessary. 

Dimensional changes in the bigger diameter zone (D1) have 
less effect over the modal frequency than the changes in smaller 
diameter (D2) in stepped sonotrodes. The addition of the machine 
requirements, which affect the thicker part, modified the vibration 
frequency less than 150 Hz while a modification of 1 mm of the 
sonotrode tip length varied the frequency more than 500 Hz. 

The differences between the experimental results, considering 
the manufactured sonotrode, and the FEM results may be caused to 
changes on the material properties of the raw material and machin- 
ing accuracy. However around the objective frequency (30,000 Hz) 
less than 0.1 % error is achieved. 

The result of the simulations showed that there is a lineal trend 
between the length and frequency variations, although several 
deviations can be detected in some points. Plotting the frequency 
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Fig. 9. Operating frequency map for designing a sonotrode and calculating tip re-machining range. 

 

according to the length for each one of the simulated diameters 
(Fig. 9), linearity of the results is observed in all the cases. The max- 
imum frequency error from the simulated points and the linear 
trend is below 25 Hz. The simulations also reveal that the longitudi- 
nal vibration mode is maintained in case the sonotrode needs to be 
machined due to wear effects. With the sonotrode readjusted, the 
distribution of masses along the longitudinal axes is constant. This 
is important, because the behavior of a sonotrode with a punctual 
defect is completely different and can lead to different vibration 
modes. The allowable range of dimensional variation is presented 
as a sonotrode operating frequencies map. 

Temperature effects and interactions between the sonotrode 
and the polymer can influence the sonotrode behavior. Tempera- 
ture variations due to the polymer melting temperature can change 
the material properties of the sonotrode, i.e., the elastic module, and 
alter its vibration frequency. 

In the interaction sonotrode–polymer, the pushing force of the 
sonotrode can also affect the vibration frequency. The vibration 
recorded after several working cycles is not constant along the 
process. The frequency usually increases at the end of the process, 
when the sonotrode is submitted to the maximum force, to push 
the molten polymer to the cavity, and also when harder materials 
are processed. In both cases, the temperature of the sonotrode at 
the end of the cycle is increased, which can also influence on the 
results. 

 
 

5. Conclusions 
 

This paper has described how a sonotrode has to be carefully 
designed to ensure that its performance meets the machine and 
process requirements. Small variations in dimensions or shape, due 
to wear or cracks, have a strong influence on its dynamic perfor- 
mance. 

A stepped sonotrode suitable for ultrasonic molding has been 
characterized. It was found that the longitudinal vibration fre- 
quency is inversely proportional with the dimensions of sonotrode 
tip. A reduction of the tip length produce an increase of the 
sonotrode vibration frequency, but the longitudinal vibration mode 
is still obtained. 

An operating frequency map is a useful tool for adjusting the 
sonotrode dimensions – diameter and length – while maintaining 
vibration in a longitudinal frequency within the generator oper- 
ational frequency range of 30,000 Hz 250 Hz. Such a map can 
clearly identify the operating design region. This will produce a 
sonotrode with less restrictive tolerances; it will also be oversized 

in order to increase its useful life, assuming a fairly homogeneous 
wear pattern. 

Future work should focus on investigating the impact of a vari- 
ety of sonotrode shapes and dimensions, a more detailed study of 
the wear patterns of the sonotrode after several working cycles and 
extending this analysis by taking into account the effects of tem- 
perature, since temperature-induced variations in dimensions may 
modify the extreme limits of the frequency map. 
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