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The use of ultrasonic tools in paper forming results in highly dynamic 
mechanical alternating stress, which causes a changed material load. This 
work aimed to determine the influence of the ultrasonic process 
parameters of amplitude, ultrasonic time, and static contact pressure and 
to characterize the material compression during the ultrasonic-assisted 
forming of paperboard. To achieve this, a method was developed to 
determine the static, dynamic, and irreversible material compression 
during the gap-controlled forming of paper. The results showed that the 
ultrasonic amplitude, the gap pressure, and their second-order 
interactions had an important influence on the irreversible material 
compression. With the new method, the irreversible material compression 
could be increased up to 480% compared to the equivalent static load 
case. 
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INTRODUCTION 
 
 Paper is a porous material that consists of a network of connected fibers with an 

anisotropic property profile. In general, it is divided into three main directions, the machine 

direction (MD), the cross-machine direction (CD), and the thickness direction (ZD). 

During the paper forming, which is mainly realized through the gap-controlled processes 

of deep drawing and embossing, paper is stressed by a compressive force in the z-direction 

(out of plane). In both processes, paper is compressed in the tool gap depending on its ZD-

compression behavior and effective process parameters of forming pressure, temperature, 

and forming time. The basic mechanisms for the compression deformation of paper in the 

z-direction have been studied in a number of papers (Großmann and Baumgarten 1985; 

Schaffrath and Götsching 1991; Xia et al. 2002; Stenberg 2003; Girlanda et al. 2016). 

According to some researchers’ work (Schaffrath and Götsching 1991; Stenberg 2003) the 

compression of the material leads to a compaction process in which the ratio of pores to 

fibers is reduced. As a result, the thickness of the material decreases whereas 

simultaneously the density increases. Some studies show (Stenberg 2003; Nygårds et al. 

2009 and Girlanda et al. 2016) that the increase of the material density leads to a hardening 

process of the material whereby the compression stiffness increases with the reduction of 

material thickness. Due to the increase in compressive stiffness, the compression force 
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exponentially increases with increasing material compression (Stenberg 2002; Girlanda et 

al. 2016). 

Researchers (Großmann 1985; Stenberg 2003; Girlanda et al. 2016) have found that 

a viscoelastic and viscoplastic deformation of material occurs during compressive stress, 

and Großmann (1994) described the elastic deformation proportion as relative 

compressibility K. The relative compressibility K governs the relationship between the 

initial thickness da (µm) and the thickness in the compressed state dr (µm), as written in 

Eq. 1: 

𝑲 (%) =
𝒅𝐚 − 𝒅𝐫

𝒅𝐚
 ×  𝟏𝟎𝟎       (1) 

Consequently, the relative compressibility K denotes the irreversible material 

deformation in the z-direction for the static load case. In addition to irreversible material 

compression, the elastic compression proportion for the static load case was also described 

(Großmann 1994). As a result of the compressive stress in the forming process, the 

thickness is reduced from its initial thickness da (µm) by the amount Δdstat (µm). After the 

material has been stressed, the compression proportion K is reduced by the amount R 

(elastic proportion). Only the irreversible proportion K (%) of the compression remains in 

the material. 

Girlanda et al. (2016) attributed this to the elastic behavior of the material, which 

leads to a time-dependent recovery of the material. Großmann mentioned the time-

dependent material recovery as a relative recovery R (Großmann 1994) that can be 

determined using Eq. 2, where dr (µm) is the material thickness after recovery: 

𝑹 (%) =
𝒅𝐫 − 𝒅𝐤

𝒅𝐚 − 𝒅𝐫
×  𝟏𝟎𝟎       (2) 

With the above-described mathematical correlations (1) and (2), the basic 

compression behavior of paper in the z-direction for conventional forming processes 

without ultrasonic vibrations is represented. The stress in the z-direction has been 

investigated in converting processes, such as calendaring, in various research studies 

(Chapman and Peel 1969; Gratton and Crotogino 1988). Furthermore, Stenberg (2003) and 

Borgqvist et al. (2015) presented the analytical model approaches to describe the 

mechanical behavior of paper in the z-direction. The models enable the simulation of the 

elastic-plastic behavior for compressive stress in the z-direction, as they occur during the 

creasing process.  

The use of ultrasonic-supported tools in paper converting processes has led to tech-

nological improvement, which also affects the compression process of paperboard. Recent 

studies about the use of ultrasonic vibrations in paper processing have shown the positive 

effects on increasing surface smoothness while maintaining material volume (Wanske 

2010) and also on rapid material heating and compression during deep drawing of paper 

(Löwe et al. 2017). Wanske (2010) and Löwe et al. (2017) reported that the material is 

heated up in the tool gap as a function of the ultrasonic parameters, such as amplitude A 

(µm), ultrasonic time (tUS, s) , and static contact pressure (pstat, MPa). Löwe et al. (2017) 

attributed this to the compressive cyclic stresses in materials as a result of the ultrasonic 

vibrations. Simultaneously, these oscillating compressive stresses in the z-direction in the 

tool gap result in a large increase in material compression. The influence of the ultrasonic 

technology on the compression process of paperboard in the tool gap is shown in Fig. 1.  
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Fig. 1. Simplified illustration with force and compression parameters for conventional and 
ultrasonic-assisted material compression of paperboard 

 

In the first step, the tool gap between the sonotrode and the anvil is adjusted. 

Depending on the compression properties of the used paperboard, the static contact 

pressure (pstat) and the material thickness (dk) are adjusted, where dk corresponds to the tool 

gap between sonotrode and anvil. With the initiation of ultrasonic oscillations, the upper 

tool (sonotrode) was deflected from its rest position by half magnitude of the amplitude (A, 

µm). Due to deflection, the material was stressed with a cyclic pressure (pcyc, MPa) that 

was obtained from the sum of the pstat and the dynamic pressure (pdyn), and then produced 

a further dynamic material compression (∆dUS, µm). The irreversible dynamic material 

compression (KUS, %) and the elastic dynamic material compression (RUS, %) can be 

calculated with the following Eqs. 3 and 4: 

𝑲𝐔𝐒 (%) =  
𝒅𝐤 − 𝒅𝒓𝐔𝐒

𝒅𝐤
 × 𝟏𝟎𝟎         (3)  

 

 𝑹𝐔𝐒(%)  =  
𝒅𝐫𝐔𝐒 − 𝒅𝐔𝐒

𝒅𝐤 − 𝒅𝐫𝐔𝐒
 × 𝟏𝟎𝟎       (4) 

This results in totally irreversible compression Kt for the ultrasonic-assisted forming 

process according to the following Eqs. 5: 

 𝑲𝐭 (%) =  (𝑲 + 𝑲𝐔𝐒) − (𝑹 + 𝑹𝑼𝐒)      (5) 

 

Currently, there are no studies or equations about the influence of ultrasound on 

material compression in the z-direction. However, by intensifying the material 

compression of dry paper webs by ultrasonic vibrations, the process for the production of 

3-dimensional packaging by deep drawing can be improved, because a comparatively high 

compression of the wrinkles can occur in the drawing gap. This can, for instance, improve 

the dimensional stability and the pressure stability of the 3D molded parts. Simultaneously, 

the results also provide an important contribution to the refinement of paper by e.g. 

embossing. The embossing motif or the embossing process can be improved by the 

increased material compression due to the ultrasonic vibrations. 
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Therefore, this work focused on studying the connections between the ultrasonic 

parameters, the material compression in the gap-controlled shaping processes for deep-

drawing or embossing of dry paper webs. A further goal was to characterize the ultrasonic-

dependent magnitude of the irreversible material compression. 

 

 

EXPERIMENTAL 
 
Materials 

All of the experiments were performed at 23 ± 1 °C with an air humidity of 50 ± 

2%. Before the tests, the materials were climatically conditioned for at least 24 hours to 

ensure a moisture balance between the surrounding environment and the material. The 

material was a three-layered fresh fiber paperboard Trayforma Natura (Stora Enso, Imatra, 

Finland) with a grammage of 350 g/m² and a material thickness of 450 ± 2 µm. The used 

paperboard Trayforma Natura was a material from a single production batch.  

 

Test Equipment 
To execute the experiments, a laboratory system shown in Fig. 2 was developed. 

 

 
Fig. 2. Illustration of the laboratory system for the investigation of the dynamic material 
compression in the gap-controlled ultrasonic-assisted forming of paperboard 

 

The device was equipped with a 20 kHz oscillation system (Herrmann Ultraschall, 

Karlsbad, Germany) and a bar sonotrode with a diameter of 65 mm. The maximum 

electrical power of the ultrasonic generator (Herrmann Ultraschall, Karlsbad, Germany) 

was 4300 W. A maximum amplitude of 30 ± 1 µm was realized with the ultrasonic devices 

used. The tool gap between the bar sonotrode and anvil was adjusted using a servo-

mechanically driven crank mechanism. In the stretched position of the crank mechanism, 

the transmission links form a vertical line, whereby high stiffness is achieved. To ensure a 

constant static tool gap during the ultrasonic process, the ultrasonic process was performed 

in the stretching position of the crank mechanism. During the embossing process, a 
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constant distance between the sonotrode and anvil was ensured, whereby the tool distance 

in the ultrasonic process was defined by the distance between the rest position of the 

sonotrode and the anvil surface. 

The detection of the static and dynamic force components in the ultrasonic process 

was achieved using a quartz crystal force sensor (Kistler 9213B; Kistler, Winterthur, 

Switzerland) positioned in the power flow. The force sensor had a resolution of 0.01 N for 

real-time measurements in the range up to 2500 N. In combination with the Kistler sensor 

a charge amplifier (type 5015A; Kistler, Winterthur, Switzerland) guaranteed a sampling 

rate of 1 MHz, which enabled the force signal of the ultrasonic process to be sufficiently 

reproduced. The determination of the oscillation amplitude was accomplished using a 

triangulation laser sensor (LK-H52; Keyence Corporation, Osaka, Japan) with a sampling 

rate of 390,000 Hz and a resolution of 1 µm. With a statistically verified determination of 

the dynamic material compression, the process pressure and the ultrasonic amplitude were 

recorded with a sampling rate of 1000 kHz. With an ultrasonic frequency of 20 kHz, there 

were 50 measured values per vibration cycle. Due to technical boundary conditions of the 

measuring computer, the amount of process data recorded during the ultrasonic process led 

to a critical utilization of the computer’s memory, which limited the measurable ultrasonic 

time to 1000 ms. 

In the investigation on the forming of paperboard, the gap-acting static contact 

pressure (pstat) was adjusted by the tool gap between the sonotrode and anvil listed in 

Table1. The static contact pressure (pstat) simulates the material-specific compression 

resistance in the tool gap. As a result of the static contact pressure, the material was 

subjected to compression. The level of the static compression was determined by the 

amount of contact pressure. Through adjusting the static contact pressure, the ultrasound 

was activated. During the ultrasonic treatment, the gap was held constant. A summary of 

the parameter settings for the investigation of the influence of ultrasonic tools on the 

material compression in the z-direction is given in Table 1.  

 

Table 1. Parameter Levels for the Experiments 

Parameter Settings Effect Test Matrix 

  (-) (+) 

Static contact pressure (pstat, MPa) 0.1  0.5 2 2 0.5 2 

Tool gap (dk, µm) 390  270 205 205 270 205 

Ultrasonic amplitude (A, µm) 0 5 10 15 20 25 30 5 30 

Ultrasonic time (tUS,sec) 0.15  0.5 1 0.15 1 

 

The compression present in the material after the ultrasonic-assisted forming was 

determined using a Frank thickness gauge following DIN EN ISO 534 (2012). The KUS 

(%) was determined based on the material-specific compression stress curve and the 

continuous recording of the static contact pressure. The change in contact pressure in the 

tool gap also changed the thickness of the material. The mathematical connection between 

the change of material thickness and the change of contact pressure in the tool gap was 

determined by the compressive stress curve in Fig. 3a. The real-time force signal can be 

used to determine the material thickness as a function of the processing time.  

Figure 3b shows a typical pressure curve as a function of the processing time that 

occurred in the investigation. With the adjustment of the tool gap, a static contact pressure 

was generated depending on the compression resistance of the paperboard. By this means, 
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a smaller tool gap led to a high static contact pressure. With the ultrasonic activation, an 

additional dynamic pressure was introduced into the material, which resulted in a reduction 

of the material thickness in the tool gap and consequently in a drop in the pressure signal. 

In this paper, the effective pressure after the ultrasonic duration was described as ultrasonic 

pressure (puse). As already mentioned, the pressure drop correlated with the reduction of 

material thickness in the tool gap. Consequently, part of the dynamic material compression 

resulted from the difference of pstat (MPa) after adjusting the tool gap and puse (MPa) at the 

end of the ultrasonic time. Using the relationship between material compression and effec-

tive compression pressure shown in Fig. 3a, the material thickness in the tool gap was 

calculated at the beginning and end of the ultrasonic treatment. The difference between the 

two calculated values represents the proportion of the dynamic material compression as a 

result of the ultrasonic treatment. 

 

 
 
Fig. 3. Typical pressure-compression curve for compression in the z-direction (a) and the 
process-pressure curve for ultrasonic-assisted compression of paperboard (b) on the example of 
the Trayforma Natura 350  

 

With the used material and the described experimental setup, ratios of the ultrasonic 

amplitude (A) to the material thickness in the tool gap dk ranging from 0.1 to 25% were 

studied for their influence on the material compression. 

 
Statistical Methods 

To obtain information about the influence of the process parameters and their 

interactions on the dynamic material compression, a full factorial experimental design was 

prepared. The influence of the adjustable process parameters on the change of the material 

compression in the z-direction is understood as an effect. The individual effects and 

interactions were determined using statistical methods of multiple regressions. The test 

matrix used to determine the effects contained three factors (ultrasonic amplitude, 

ultrasonic time, and static contact pressure) (Table 1). This resulted in 8 test points that 

were repeated 10 times to ensure statistically safe results. Thus, the dimensionless 

parameter effects were calculated from the difference between the response matrix (yi) of 

the upper (xi(+1)) and the lower (xi(-1)) parameter level using Eq. 4:  

𝑬𝒇𝒇𝒆𝒄𝒕 =
∑ 𝒚𝒊(+)

𝒏
𝒊=𝟏

𝒏𝒚𝒊(+)

−
∑ 𝒚𝒊(−)

𝒏
𝒊=𝟏

𝒏𝒚𝒊(−)

             (5) 

Process time (s) 

a)      b) 
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The parameter levels (-) and (+) used for the effect calculation are described in 

Table 1. Based on the results calculated from Eq. 3, a standardized effect diagram was 

generated that contained the individual effects and the noticeable second- and third-order 

interactions. The assessment of the systematic difference between the empirically and 

normally distributed determined mean values yi(+) and yi(-)  was carried out using the 

independent sample t-test. The statistical significance of the individual effects and their 

interactions was tested using the P-value for the calculated effect and the determined 

significance level of 5% (α=0.05). For the investigations, the calculated effect was 

statistically significant if the P-value was smaller than the selected significance level α. 

 

 

RESULTS AND DISCUSSION 
 

As a result of the static contact pressure, the material was subject to a compression 

K. The amount of Kstat was determined by the pressure compression curve (Fig. 3a). The 

application of mechanical vibrations to the material caused an additional dynamic material 

compression of the pore volume as a result of the dynamic pressure. The effect of the ad-

justable process parameters (ultrasonic amplitude, ultrasonic time, and static contact pres-

sure) on the K and the KUS were determined based on the parameter levels (+) and (-) of 

the effect test matrix by multiple regression. Figure 4 shows the standardized effect dia-

gram of the adjustable process parameters and their interaction on K and KUS in the gap-

controlled forming process. 

 

 

 

 
Effect T-value P-value 

A 17,69 <0,001 

B 12,62 <0,001 

C 6,69 <0,001 

AB 14,73 <0,001 

A² -5,05 0,0098 

B² -2,51 0,0431 

AC 4,02 0,0249 

AB² -3,34 0,0379 

ABC 2,63 0,0791 
  

Fig. 4. Standardized effect diagram and statistical key figures for KUS 

 

The irreversible material compression represents the remaining material compres-

sion after the material relaxes and was determined using a thickness gauge. The amplitude 

and the static contact pressure greatly influenced the dynamic as well as the irreversible 

material compression (Fig. 4), which can be seen from the large positive single and quad-

ratic second-order interactions of the amplitude and the static contact pressure.  

Figure 5a shows the dependence of KUS on pstat at different ultrasonic amplitudes. 

The positive effect of the static contact pressure on KUS results from the ratio of the material 
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thickness to the adjusted tool gap. In general, compared to the material thickness, a smaller 

tool gap produced a higher static process pressure or contact pressure. Consequently, high 

static contact pressures resulted in a smaller tool gap in which the effects of ultrasonic 

vibration achieved a greater dynamic compression effect. In this context, the high effect of 

the second-order interaction between the amplitude and the static contact pressure in the 

tool gap was also explained. With the increase of the static contact pressure, the ratio of 

the ultrasonic amplitude to the tool gap or material thickness also increased. Compared to 

lower static contact pressures, higher static contact pressures created a higher dynamic 

pressure as a consequence of the effective ultrasonic amplitude, which gave rise to a larger 

reduction of the pore volume in the fiber network. 

 

 
 
Fig. 5. Dynamic material compression as a function of the static contact pressure (a) and the 
ultrasonic amplitude (b) for Trayforma Natura 350 g/m² 

 

As mentioned above, another major process variable besides the contact pressure is 

the ultrasonic amplitude. With the increase of the ultrasonic amplitude, the mechanical 

deflection in the sonotrode also increased. As a result, the dynamic pressure increased. 

Greater ultrasonic amplitude generated greater alternating pressure stress in the fiber net-

work, whereby the compression of the fiber network increased with the amplitude. The 

quadratic influence of the ultrasonic amplitude and the static contact pressure illustrated in 

Fig. 4 was a result of the non-linear compression behavior of paperboard. According to 

some publications (Großmann 1985; Stenberg 2003; Nygårds et al. 2009; Girlanda et al. 

2016), a nearly linear increase in material compression has been observed for low com-

pressive stresses. As the material compression increases, the pore volume in the paper de-

creases. A lower pore volume produced a high compression resistance of the paper with 

comparatively low material compression in the z-direction, whereby the compression re-

sistance increased in a quadratic manner compared to the material compression. The quad-

ratic increase of the compression resistance was achieved up to a material compression 

without air inclusions in the paper, the so-called zero point of pore volume. The compres-

sion of the paperboard beyond zero point of the pore volume resulted in a lot of fiber dam-

age (Großmann 1985). Therefore, the non-destructive material compression converges 

against a material-specific threshold, which is why a negative quadratic connection results 

during the ultrasonic-assisted material compression process analogous to the classical 

force-deformation process of paperboard. The described effect of amplitude on KUS is 

shown in Fig. 5b. In the range of low pstat up to 1 MPa, a linear correlation between the 

ultrasonic amplitude and KUS was observed. At a pstat of 2 MPa, a plateau was formed 

Ultrasonic amplitude (µm) 

a)      b) 
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within the range of 20 to 30 µm high ultrasonic amplitudes. The increase of the amplitude 

from 25 µm to 30 µm did not create a large increase in the dynamic material compression. 

Therefore, higher material compression is only possible by increasing the static contact 

pressure. 

In relation to the ultrasonic amplitude and the static contact pressure, the ultrasonic 

time also represented an important factor for KUS. However, the influence of latter factor 

was smaller compared to the previous two factors. Compared to the ultrasonic amplitude 

and the static contact pressure, the ultrasonic time did not influence the amount of pdyn, 

which mainly influences KUS. The ultrasonic time was used to control the amount of ultra-

sonic work done on the paper. By increasing the ultrasonic time, the ultrasonic amplitude 

has a longer lasting impact on the material, which increases KUS of the paperboard. In com-

parison to the pstat and the ultrasonic amplitude, a negative quadratic influence was theo-

retically observed at high ultrasonic times, which was caused by the gap-controlled form-

ing process. A material compression was only possible up to a material-specific threshold, 

which resulted from the ratio of tool gap to ultrasonic amplitude. As soon as this threshold 

was reached, KUS could not be increased by a longer ultrasonic time, in contrast to force-

controlled compression processes where the tool is tracked and thus the compressive stress 

remains almost constant during the process. For the amplitudes of 10 µm in Fig. 6a, the 

material-specific threshold of KUS was outside of the maximum ultrasound time of 1000 

ms. At a pstat of 1 MPa and an amplitude of 30 µm, this material-specific threshold was 

reached after approximately 400 ms by the formation of a plateau (Fig. 6b). Further ultra-

sound treatment did not lead to any further change in KUS. 

 

 
 
Fig. 6.  Influence of the ultrasonic time and static contact pressure on the dynamic material 
compression for the ultrasonic amplitudes 10 µm (a) and 30 µm (b) 

 

In addition to KUS, the ultrasonic parameters also influenced K. To determine the 

influence of the ultrasonic parameters on the K, the material was treated with 3 static con-

tact pressures and different amplitudes ranging from 0 to 30 µm, as well as an ultrasonic 

time of 1 s.  

Figure 7 shows the compression potential of the ultrasonic-assisted material com-

pression compared to the static load case. It was obvious that the change of KUS due to 

ultrasonic vibrations led to a noticeable increase of K. As described earlier, KUS increased 

Ultrasonic time (s) Ultrasonic time (s) 
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with the ultrasonic amplitude. At the same time, this led to an increase in K. For a pstat of 

0.5 MPa and an ultrasonic amplitude of 30 µm, a 2.8 times higher K was achieved. With 

the increase of the static contact pressure up to 2 MPa, the effect of the ultrasonic amplitude 

on the dynamic and irreversible material compression both increased. For ultrasonic am-

plitudes of 30 µm, a 4.8 times higher K was achieved compared to the static pressure of 2 

MPa. 

Generally, the investigations showed that the observance of the temporal regime of 

the climatic conditioning of the samples had a considerable influence on the dynamic ma-

terial compression. Short climatic conditioning times caused a lower material moisture 

content, which seemed to have a negative effect on material compression. However, the 

influence of material moisture content on the material compression was not investigated in 

the context of this work. It should be the subject of further investigations concerning a 

possible industrial exploitation of the results. 

  

 
 

Fig. 7. Comparison of K in conventional and ultrasonic-assisted gap-controlled compression pro-
cesses of paperboard as a function of amplitude 

 

The irreversible material compaction was noticeably influenced by the dynamic 

material compression or the ultrasonic process parameters (amplitude, ultrasonic time, and 

static contact pressure). The general connection between dynamic and irreversible material 

compression is shown in Fig. 8a. Between dynamic and irreversible material compression 

a quadratic connection can be observed. Determination of the irreversible material com-

pression was made after the sample was unloaded using a thickness gauge. According to 

Stenberg (2003), Hauptmann (2010), and Girlanda et al. (2016), after the compression pro-

cess, a material-specific recovery occurs as a result of material relaxation and the elastic 

deformation portion. As the material strain increases, the proportion of elastic deformation 

also increases (Stenberg 2003). It was assumed that the quadratic connection between K 

and KUS resulted from the elastic deformation portion that increased with the compression 

load. Girlanda et al. (2016) reported that the cyclical compression of paper in the z-direc-

tion leads to hardening or an increase in compressive stiffness as a function of the number 

of compression cycles and the deformation amplitude. As a result, the E-modulus and thus 

the elastic deformation portion increase with each pressure cycle. In the ultrasonic-assisted 

forming of paper, the material is stressed with approximately 20000 pressure cycles/s. Due 

to the described effect of material hardening, the RUS increased with the KUS (Fig. 8b). 
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Furthermore, after Haslach (2000) and Schmied et al. (2013) a creep effect occurred 

during the static load, which increased with the load duration and thus led to a decrease of 

pstat during the material compression process. Similar to the cyclic humidification of paper 

under constant load by Salmén et al. (2018), ultrasonic-assisted compression resulted in a 

high number of dynamic load cycles with short load durations, which increased the creep 

effect and favored the quadratic relationship between Kt and KUS. For the determination of 

K and R in the static load case, the samples were relieved immediately after reaching pstat, 

whereby the effect of creep had no noticeable effect on the results of K and R. The calcu-

lated values for KUS and RUS depend on the compression resistance of the material and were 

directly influenced by creep. According to Salmén et al. (2018), a high load duration with 

alternating load cycles resulted in high creep rates. High creep rates led to an increase in 

KUS combined with a reduction in RUS. Especially at high ultrasonic amplitudes and ultra-

sonic durations there should be an increase of KUS. However, Fig. 6b shows that there was 

no further change in KUS for an ultrasonic duration larger than 500ms. Due to the compar-

atively short maximum ultrasonic duration of 1 second and the low maximum static loads 

of 2 MPa, the creep effect showed no noticeable influence on the compression values KUS 

and RUS in the ultrasonic process despite the high number of load cycles. Therefore, the 

creep effect was regarded as negligible in the discussion of the results for KUS, RUS, and Kt. 

 

 
Fig. 8. (a) Connection between KUS and Kt and (b) RUS 

 

 

CONCLUSIONS 
 

1. Test equipment and methods were presented to characterize the material compression 

during the ultrasonic-assisted forming of paper work. The method can be used to 

determine the universal connection between the dynamic and the irreversible material 

compression and the process parameters of gap-controlled paper forming. The 

determined connections between the ultrasonic parameters and the material 

compression in the z-direction can be applied easily to other paper materials. 

2. The effect of the ultrasonic vibrations in the forming process caused a sharp drop in the 

static contact pressure within 200 milliseconds. This effect can be attributed to 

ultrasound-induced irreversible dynamic compression. 

a)      b) 
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3. The ultrasonic treatment of the used material with static contact pressure of 2 MPa and 

an ultrasonic amplitude of 30 µm resulted in a 480 % increase in K compared to the 

static load case in the conventional forming process.  

4. The magnitude of KUS is mainly determined by the quadratic relationship to pstat and 

the ultrasonic amplitude. The irreversible dynamic compression increased with the 

increase of the ultrasonic amplitude and pstat. As a result of the strong ultrasonic 

vibrations (pstat = 2 MPa and A =30 µm), up to a 30% increase in KUS was achieved.  

5. When KUS increased, so did RUS. The elastic recovery and the irreversible dynamic 

material compression were characterized by a quadratic relationship, which is why 

there was an exponential relationship between KUS and K. 

6. The proportion of the ultrasonically induced KUS can be controlled by the ultrasonic 

amplitude as well as the ultrasonic time. Regardless of the ultrasound amplitude, no 

noticeable increase of the KUS was observed after an ultrasonic time of approximately 

0.4 s.  
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