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Abstract: This paper presents a novel manufacturing method for cellular 
materials with a graded porosity distribution. The motivation for creating a 
gradient of porosity in materials has been inspired by nature and aspires to 
mimic natural structures so their intrinsic advantages (e.g., optimised 
mechanical properties) can be exploited. Many engineering applications (e.g., 
thermal, acoustics, mechanical, structural and tissue engineering) require 
porosity tailored structures. However, current manufacturing processes are 
currently unable to mass-produce these foams. In this work, low power-low 
frequency ultrasonic irradiation has been used to excite polymeric foaming 
melts that, once solidified, contained different porosity distributions throughout 
in their solid matrix. This was possible by controlling the amount of energy 
imposed on the samples. The generation of porosity gradients that resembles 
those of natural cellular structures (e.g., bones, stems) opens up new 
opportunities in the design and manufacture of bio-inspired materials that can 
solve challenging technological problems. 
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1 Introduction 

Although the term ‘biomimicry’, or ‘biomimetics’, is relatively new to the international 
scientific community, the concept, i.e., gaining inspiration from nature to solve 
challenging technological problems or design aesthetically appealing objects, has been 
employed by mankind for millennia. Fishing nets that recreate spider webs, ships and 
planes that realise human desires to swim like fish or fly like birds, are exercises of 
biomimicry that are deeply embedded in our brains. 

In broad terms, nature has inspired architecture, furniture, fashion design, and other 
objects that surround us in our daily life. These objects, their shapes, geometries and 
ratios, remind and reconnect us in some way with nature and the essence of our inner 
selves (Figure 1). However, researchers recognised early that knowledge of the physics 
behind structure and properties was not enough; a third relationship had to be established 
between structure and functionality (Bruck et al., 2002). The exploitation of this  
three-way association has given researchers the opportunity of developing new concepts 
for the design of optimised devices and structures. From a scientific viewpoint, using 
structures similar to those already adopted and tested by nature has allowed us to develop 
highly efficient mechanisms (e.g., filtering, cushioning, absorption, wicking, insulation, 
etc.). This functional approach, considered typically as serving engineering purposes 
only, is far from the aesthetic design approach pursued by, for example, architects 
(French, 1994). With the growing interest in the field of biomimicry, biomimetics and 
nature-inspired design, these two approaches, functional and aesthetic design, can be 
brought together in harmony. 

In engineering, biomimicry has become a rich source of ideas and inspiration for 
problem solving methods. This can be done following two routes: one is to design and 
manufacture bio-inspired materials, those that resemble to natural objects or structures 
(for example, the concepts presented in Figure 1). And the other approach is to study how 
nature has solved design problems, harness that wisdom and replicate or translate the 
solution, method or strategy to other fields (e.g., Velcro™, inspired by how some plants 
spread their seeds by placing them in balls that stick to potential cross-pollinators). By 
following either route (bio-inspiration or bio-mimetics), many researchers believe that 
nature has solved most of our design problems already, but we still have to gain a better 
understanding in materials and other sciences to be able to appreciate the available 
answers. Studies using TRIZ, a problem solving strategy started by G. Altshuller and 
colleagues in Russia in 1946 and developed over the last 50 years (Genrikh Altshuller  
et al., 1997), have brought an enhanced insight to biomimicry and nature replication or 
inspiration, and has shown that the more abstract a concept is, the more adaptable it is 
within another discipline (e.g., biology principles applied to engineering design and 
problem-solving). When applied to biology and natural sciences, TRIZ has proven to 
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enable a better understanding of concepts and facilitate a faster transfer of that knowledge 
between different scientific and engineering disciplines (Vincent and Mann, 2002). 

Figure 1 (a) Garlic-shaped cross base. Roof in Casa Batlló, by Gaudi; (b) ‘Forest of Columns’. 
Interior, Sagrada Familia, by Gaudi, in Barcelona, from the author’s personal collection  
(see online version for colours) 

  
(a) (b) 

Biomimicry requires a deep knowledge of mechanical, chemical, physical and electrical 
principles, so full advantages can be harnessed from the teaching that nature has to offer. 
For example, Figure 2 presents a comparison in the cellular graded structure of a freeze 
dried hair root (kindly provided by Quorum Technologies Ltd., West Sussex, UK) and 
the internal structure of a photonic crystal [as it appears in Skibina et al. (2008)]. The 
flexibility, high tensile strength and elastic deformation of a hair can be explained by 
examining its cross-section. Its cellular structure, with longitudinal fibrils running from 
root to tip, and the different cross-section of those closely packed fibrils allow the hair an 
optimised performance when it comes to cooling, heating or insulating the skin. These 
physical characteristics are also highly regarded in other fields, such as photonics. Light 
has to be guided through a fibre that has to be able to bend and withstand mechanical 
strains. The signal has to be constrained in a space and dispersions minimised. 
Researchers (Skibina et al., 2008) have recently developed a low-dispersion photonic 
crystal that improves transmittance of light, especially in very short pulse delivery, which 
inherently suffer larger losses. By creating a radial variation in the dimension of the  
cells surrounding a central core, they have improved internal reflection of the light, and 
consequently decreased attenuation [Figure 2(b)]. 
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Figure 2 (a) Freeze dried root hair; (b) Cross section of a photonic-crystal fibre 

  
(a) (b) 

Source: Skibina et al. (2008) 

This paper presents an example of how a cellular structure can be modified to mimic a 
natural porous structure (i.e., a bone). The structure of the paper is as follows: after this 
introductory section, Section 2 describes some of the special features that natural cellular 
structures possess. Then, Section 3 reports some of the design and manufacture methods 
for man-made porous materials. In the search of a method that allows porosity control 
and structure tailoring, ultrasound has been used to irradiate polymeric foams that, 
depending on the frequency and sonic power, present different porosity distributions and 
features within their solid matrix. In Section 4, the ‘power-frequency’ sonication pair is 
determined. Once this threshold has been established, the relationship between porosity 
gradient and the intensity variables of the system (i.e., acoustic pressure and frequency) 
can be studied and related to the porous structure of the sonicated polymeric foams. 
Section 5 discusses the findings before conclusions are drawn at the end of this paper. 

2 Natural porous and cellular structures 

Cellular materials are broadly present in nature. The principle of lightweight design is 
found in nearly every load bearing natural construction (Baumgartner et al., 1992). 
Beehives, quills, stems, sponges, trabecular (i.e., spongy) bone, shells, teeth, etc are only 
a few examples of porous materials that maximise their stiffness-to-weight ratio; they 
strengthen their structures with minimal amount of material used to build its internal 
cellular configuration. 

In those cases, porosity distribution is not accidental but engineered to transfer forces 
and minimise stresses that might make the whole structure fail (e.g., a crack in the branch 
or on the bark of a tree). Thus, porosity gradation is an important functionality of the 
original structure that evolution has developed in a trial and error fashion. 

Growth and mineralisation are processing routes that generate those natural porous 
structures. Mimicking biomineralisation mechanisms and patterns has been attempted for 
the fabrication of crystalline materials for technological and biomedical applications with 
promising results (Aizenberg, 2004). However, in order to obtain more sophisticated 
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results, and exploit different building materials, more information about natural 
processing is still required. It is clear that while enormous advances have been made to 
match natural manufacturing processes, nature still produces superior structures 
compared to those that we are capable of making artificially. 

The advantage of porous, cellular structures over solid, homogeneous materials has 
been shown in the fields of thermal, acoustics, mechanical, structural, and tissue 
engineering. Therefore, if porosity engineered materials could be replicated and tailored 
to suit different applications, promising advances would be seen. However, the leap from 
concept to design and manufacture is non-trivial. The next section covers some of the 
drawbacks that currently exist in the manufacture of these materials. 

3 Design and manufacture methods 

This section provides an overview of some of the traditional, as well as most recent, 
manufacturing methods for porous materials (metal, ceramic, polymers or composites) 
with a controlled porosity gradient. From the methods listed below, porous materials can 
be obtained directly or indirectly, i.e., these structures can also be used as sacrificial 
frameworks for other structures or as scaffolds where other powdered materials can be 
deposited and sintered to form the final porous structure. Most of these methods (listed 
below) have only been used for small-scale production of materials with graded density 
and have not been put into practice at industrial scale. 

1 Layered manufacturing (Dutta et al., 2001): where successive 2D layers of the same 
or different material are spread on top of each other after a binder or heat has been 
applied to the binding or curing path. A 3D object is then built layer by layer from 
the bottom to top. Porosity gradation can be created by varying the beam power 
applied during the sintering, curing or binding process, or simply controlling which 
areas undergo fusing or gluing and which ones do not, in an on/off fashion. 

2 Mould and gel casting (Woesz et al., 2005): an ‘in-situ’ polymerisation of monomers 
that are the setting mechanism for forming a ‘green body’ or mould that will be used 
as solidifying pattern for another material. This technique is broadly used in the 
production of bone scaffolds and tissue engineering. 

3 Low-pressure injection moulding and extrusion (Youn and Park, 1999): this 
manufacturing process creates cavities in the bulk of the material due to the 
provoked sudden decays of pressure. It is of wide use in the fabrication of parts of 
the automotive industry and also in food technology. Variants to this method are 
emulsification and phase separation. 

4 Compression moulding and hot pressing (Pompe et al., 2003), (Lacroix et al., 1999): 
particles of similar sizes, or different, depending on the desired final structure, can be 
subjected to cycles of compression/decompression and temperature variation in order 
to achieve sintering of the particles that leave voids (i.e., space between beads). 

5 Particulate leaching (Widmer et al., 1998): when porogen particles (e.g., salt, 
granules, etc.) are blended with the material and the mixture sintered. Once dissolved 
and washed out, they leave interconnected pores or channels in the composite 
structure. 
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6 Foaming (Chen et al., 2006): this bubble-forming technique is based on producing 
and stabilising bubbles within the reactant mass that have been created by chemical 
(e.g., reactions resulting in gaseous components) or physical agents (e.g., blowing 
gas or by turbulent mixing). 

Despite the current demand for these materials with a porosity gradient, the development 
of suitable manufacturing processes lags behind. This is because there are enormous 
difficulties in designing and forming such structures using both traditional methods and 
manufacturing technologies (e.g., CAD/CAM). When a porosity graded structure is 
needed, the current solution is to physically join sections of different porosity,  
which presents major drawbacks at the interfaces between sections (where the  
sudden change in mechanical properties differ from the rest and create stress 
concentrations) and are highly labour demanding. For example, the photonic crystal 
shown in Figure 2(b) was assembled by gluing glass tubes of a different diameter. 
Although this new structure improves upon a homogeneously distributed lattice, the 
authors say, it still has a high attenuation level which could be reduced by improving the 
manufacturing process. 

Ideally, one would prefer a digitally controlled method that creates a gradient in the 
porosity within the bulk of the material without the need of manual finishing or  
post-processing. The current challenges of this strategy involve the following: 

1 The manufacturing technology should enable broad digital specifications of the 
material properties (e.g., porosity) in order to generate materials with customised 
internal structures automatically, without the need for exhaustive specifications of 
every detail of the geometry or composition involved. 

2 Most of the manufacturing processes listed above (e.g., sintering, fusing, extrusion, 
casting) involve a phase change (i.e., solid to liquid or vice versa, powder to solid, 
etc.). Yet the digital representations describe only the end result; models are clearly 
required to also support temporal modelling of manufacturing processes. 

3 Details of fabrication processes for cellular materials require better modelling to 
account for physical processing phenomena such as shrinkage, pore geometry 
deformation, misalignment, cracks, etc. 

4 A myriad of features and differing dimensional scales (i.e., multi-scale modelling) 
have to be considered when modelling a cellular material. Physically-based material 
representations (i.e., defining material compositions and distributions within an 
object) and physically-based property representations (i.e., defining the distributions 
of physical and mechanical properties within a shape) are pillars for the definition of 
a geometric complexity. The amount of data required to support many of the 
heterogeneous material representations present challenges for today’s computers. 

The work presented in this paper is primarily concerned with the first point of this list, 
although its solutions impacts on the other three aspects of a broader problem. Of the 
possible manufacture methods listed in this section, foaming appears to offer the best 
prospect for a fast, flexible (i.e., generic) approach to manufacture of variable porosity 
materials. For this proof of concept study, polymeric foams were chosen due to their 
versatility and multi-functionality. Polymers offer a broad palette of applications. They 
can be mixed with other polymers, combined with other materials (e.g., metals, ceramics) 
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to create composites, synthesised or foamed to produce different behaviours that can 
mimic animals or plants (Sanchez et al., 2005). 

4 Sonication: tailoring porosity in polyurethane foams 

This section presents a summary of the results obtained when polyurethane foams were 
fabricated using the bubble-forming technique described in the previous section (i.e., the 
melt’s expansion was driven by a chemical blowing agent, which was the CO2 gas 
created as a by-product in the polymerisation reaction). The strategy used in this work 
employed acoustic energy as porosity-tailoring agent. In this case, a polymeric melt 
undergoing foaming was irradiated with ultrasound of specific characteristics and in a 
precise timing. The acoustic field was controlled in such a way that the energy levels 
created a gradient in porosity which was distinguishable to the naked eye in the final 
solid cellular structure. 

Previous work on generation of heterogeneous cellular structures by sonication 
(Torres-Sanchez and Corney, 2009b) has demonstrated that the controlled irradiation of a 
reacting polymeric mixture using low power ultrasound can modify the size of the 
bubbles in the viscous matrix that, once solidified, become cavities of the solid cellular 
structure. The stable cavitation effect, mass and energy transfers and, possibly, changes in 
viscosity are controlled by sonication. So once the polymerisation finishes and the solid 
foam sets, the cavities’ size provoke the intended graded porosity distribution within the 
structure (Torres-Sanchez and Corney, 2009a). 

The detection of a ‘sonication window’ (i.e., those polymerisation stages that are 
sensitive to the ultrasonic irradiation) for a suitable power and frequency used in the 
radiation, was a variable that had to be previously investigated in the polymer under 
study for a successful process (Torres-Sánchez and Corney, 2009). Once the 
polymerisation stages that are sensitive to ultrasonic irradiation were established, an 
appropriate level of acoustic power had to be compromised. If the foaming melt was 
irradiated with too low power, there were no effects on the solidified cellular structure. 
However, if the melt was irradiated with too much power, the bubbles were subjected to 
‘transient cavitation’ (i.e., non-sustained, unbalanced expansion/shrinkage of the bubbles) 
and would rupture. Special care was taken to avoid over exposure of the foams to 
acoustic irradiation, since this would have a destructive effect on the foams  
(Gallego-Juarez et al., 2000) provoking the bubbles’ implosion, drainage of the matrix, 
coarsening of the bubbles, and collapse of the viscous foam. The acoustic pressure at 
which foam destruction happens is easily anticipated and detected because of the physical 
changes that the macro structure suffers. However, the low limit at which the foam’s 
structure suffers long-lasting effects presented more challenges for its detection. The next 
section reports how this ‘low level’ was established. 

4.1 Low threshold of acoustic irradiation 

This section describes the results in the quantification of heterogeneity (i.e., changes in 
texture) in foams produced in a controlled sound field (Figure 3). This leads to the 
description of a threshold of acoustic power for a given frequency value under which 
there is no ‘acoustic imprint’ on the final solid foams and, consequently, no porosity 
gradation produced within the matrix. 



   

 

   

   
 

   

   

 

   

   12 C. Torres-Sanchez and J.R. Corney    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 3 Polymeric foams generated (a) without and (b) with ultrasonic irradiation (see online 
version for colours) 

  
(a) (b) 

The mixtures of commercial-grade pre-polymers [methylene diphenyl diisocyanate 
(MDI) and polyether polyol] used in this study (Dow Pro Series polyurethane Foam, Dow 
Europe GmbH, Switzerland, RS 202-2636), were degassed from the blowing components 
(i.e., methane, ether, isobutane) by dissolving in pure acetone. Acetone also assisted in 
removing moisture. It was important that these gases were removed from the mixture to 
allow control of the amount of initially dissolved gas. In all cases, the diisocyanate 
content in the mixture was rectified to have a fixed 40%. The relation PU-Acetone used 
was 50%/50% in volume. Distilled water (20%vol) was used as the initiator for  
the reaction and was added drop-wise. The vessel (made of a material with acoustic 
characteristics selected to minimise dissipation and attenuation of the ultrasound, 
dimensions 5 cm diameter, 7 cm height, 0.16 mm thickness) with the caramel coloured 
liquid was placed inside a water bath, which played the role of the coupling agent, i.e., 
the medium in which the ultrasound travelled from the PZT sonicating probe (sonotrode) 
to the sample. The samples were irradiated at given values of frequency and acoustic 
pressure, depending on the experimental series [Figure 4(a)]. An extended explanation on 
the experimental set-up and detailed procedure can be found elsewhere (Torres-Sánchez 
and Corney, 2008). 

Once the solid polymeric foams were manufactured [Figure 4(b)], their porosity  
(or density) gradient was analysed. The cylindrical shaped samples were cut in half along 
their vertical central axis and the surfaces scanned at 1500dpi resolution on an EPSON 
Perfection Scanner 1640SU. Those images were analysed with the ‘Topo-porosity’ tool 
[Figure 4(c)], a MatLab image analysis application customised for detecting porosity 
gradation and representing it as ‘topographic maps’. This is, points with the same 
porosity values were joined by the same continuous line, and steeper gradients of porosity 
were represented by more closely packed ‘altitude’ lines (Torres-Sanchez and Corney, 
2009b). In the topographic maps shown in this paper, a colour code has been used to plot 
the results of those isolines of porosity, i.e., lines connecting points of equal porosity  
(or density) (see online version for colours). Blue colour and low numerical values 
indicate high porosity, and red colour and high numerical values those areas with a low 
porosity (and high density). Like in topographic maps that represent altitude of land, 
areas with closely packed lines have steeper porosity gradients (i.e., values change 
rapidly from point to point), whereas those areas with highly spaced curves are 
considered ‘flatter’. Large empty areas [e.g., Figure 5(a), Figure 11(b), Figure 13(b)] 
depict zones of lowest density (<20 pixels per square unit) or of no change in topography 
until the first blue (=20) line is met. 
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Figure 4 Experimental method: (a) Irradiated polymeric mixture while reacting;  
(b) porous structure in the final solid foam; (c) porosity distribution analysis  
using ‘Topo-porosity’ tool (see online version for colours) 

 

Figure 5 Foams sonicated at decreasing acoustic pressure amplitude from the probe radiating a 
frequency 20 kHz soundwave, (a) pressure: 8,500 Pa (b) pressure: 7,500 Pa  
(c) pressure: 6,800 Pa (d) pressure: 6,500 Pa (e) pressure: 5,900 Pa  
(f) pressure: 5,400 Pa (g) (g) pressure: 4,900 Pa (see online version for colours) 

   
(a) (b) (c) 

   
(d) (e) (f) 

 
(g) 

The low acoustic pressure threshold was established for each of the working frequencies 
(i.e., 20, 25 and 30 kHz). This was done by sonicating the melts undergoing 
polymerisation with decreasing acoustic pressure amplitudes. The acoustic irradiation 
created a heterogeneous distribution of pore sizes within the samples. Their analysis and 
representation with the ‘topo-porosity’ tool can be seen in Figure 5 for those specimens 
sonicated at 20 kHz. The same procedure was followed for the foams sonicated at 25 and 
30 kHz with decreasing values of acoustic pressure. 
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In order to establish a cause-effect relationship between the acoustic pressure value 
and the heterogeneity in porosity-distribution (or density-distribution) created within the 
cellular matrix, a reference axis was taken from all the samples and displayed for 
comparison. The axis chosen was the sonication plane (shown in Figure 4). Sampling the 
porosity topographic map along the centreline of that plane, a 2D linear profile could be 
extracted from each of the topographic maps in Figure 5. Repeating this procedure for 
each of the sonicated specimens and plotting the profiles allowed comparison among the 
polymeric foams subjected to different, decreasing, acoustic pressures (Figure 6). 

Figure 6 Topographic lines intersecting the irradiation plane for samples irradiated at 20 kHz 
(see online version for colours) 
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Each one of these curves was analysed using the trapezoidal rule for numerical integrals 
(which is an approximate technique for calculating the integral of the curve), and the area 
bounded under the topographic profiles quantified with the composite trapezoidal rule 
[equation (1)]. A given interval, in generic terms [a, b], can be divided into n number of 
subintervals of the form [kh, (k+1)h], with h= (b-a)/n, being k=0, 1, 2, …, n-1; the 
numerical integral computed for each subinterval can be then collated and added up to 
give a value for the total accumulated numeric integral. 

1

1

( ) ( )( )
2

b n

ka

b a f a f b b af x dx f a k
n n

−

=

⎛ ⎞− + −⎛ ⎞≈ ⋅ + + ⋅⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
∑∫  (1) 

A k value of 30 was compromised and chosen for the analysis of these curves, profiles 
extracted from the topographic maps. The dimensionless value obtained in each case was 
representative of the heterogeneity of the sample’s porosity distribution. In other words, 
foam cross-sections with a low-porosity (or high density) texture [Figure 3(a)] gave 
smooth profile lines and scored high values (i.e., like a ‘plateau’). This returned a high 
value for the numeric integral. The lower the values of the integral indicated that there is 
an abrupt change in profile in the topographic lines [Figure 3(b)], which is caused by an 
uneven distribution of porosity (i.e. there is a steep change in porosity gradient on the  
cross-section). In other words, high values of the integral indicate high density areas, and 
low values areas with a higher heterogeneity, more disperse distribution of cell sizes, 
therefore less dense areas. 
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Figure 7 Quantification of heterogeneity in irradiated foams at 20 kHz (see online version  
for colours) 
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Figure 8 Quantification of heterogeneity in irradiated foams at 25 kHz (see online version  
for colours) 
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Figure 9 Quantification of heterogeneity in irradiated foams at 30 kHz (see online version  
for colours) 
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The results from the foams sonicated at 20 kHz frequency and different acoustic 
pressures can be seen in Figure 7. Likewise, the same procedure was followed for the 
other two working frequencies, 25 and 30 kHz. The results were compiled and can be 
seen in Figures 8 and Figure 9. 

For the frequencies 20 and 25 kHz, the diagrams show a minimum value of acoustic 
pressure below which the numerical integrals remain very similar, if not constant. This 
indicates that a level of homogeneity in the cellular structure was achieved. These 
acoustic pressures (approx 6,000 Pa for 20 kHz and 5,500 Pa for 25 kHz) can be 
considered the low threshold values for porosity engineering gradation in polyurethane 
mixture under the reacting conditions described above, and for these two frequency 
values, respectively. Conversely, this value cannot be clearly pointed out when samples 
were irradiated at 30 kHz. It is believed that the low threshold lies under the lowest 
acoustic pressure tested. This limitation was imposed by the experimental rig itself which 
did not allow smaller input powers to the sonotrode required to investigate a lower range. 

4.2 Influence of soundwave topology on porosity distribution 

A direct link is thought to exist between the soundwave topology (i.e., amplitude, 
wavelength, location of maxima – antinodes –, minima of displacement – nodes –, etc., 
Figure 10) and the porosity distribution of the samples. 

Figure 10 Sketch of standing wave in the bath from the irradiating probe at 20 kHz 

 

In order to establish a correlation between the gradient in the sample’s porosity 
distribution and its position within the acoustic field, a second set of experiments was 
designed. The vessel locations chosen for this experimental series were in the region near 
the probe where the decay of the acoustic signal (i.e., attenuation) could be minimal and 
was within a tolerance range (i.e., no further than 15 cm from the sonotrode). Three series 
of experiments were performed, each for the three different working frequencies. 

The location of the vessels was set to be coincident with wavelengths,  
half-wavelengths, quarter-wavelengths and three-quarter-wavelengths in each of the 
frequencies. Since the wavelength (λ, m) is given by the ratio of sound speed in the 
medium (c, m/s) and the frequency (f, 1/s), the wavelength for 20 kHz in water is 7.4 cm, 
for 25 kHz, 5.9 cm; and for 30 kHz, 4.9 cm. Therefore, if the vessel wall was to be 
located at an antinode of displacement of the acoustic wave established in the acoustic 
environment, it had to be placed at the n-wavelength and its odd multiples (n = 1/4, 3/4, 
etc, e.g., quarter-wavelength). If it was to be located at a node, the wavelengths and even 
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multiples (n = 1/2, 1, etc., e.g., half-wavelength) were the distances at which the vessel 
wall had to be placed from the sonotrode axis. 

The acoustic pressure at which the foams were subject to was, in each case: 18,000 Pa 
with a 12% tolerance in the pressure readings for 20 kHz; 12,000 Pa (9% tolerance) for 
25 kHz; 8,900 Pa (4% tolerance) for 30 kHz. 

Figure 11 Foams irradiated at same frequency (20 kHz) and variable distance from probe  
(vertical symmetry axis added for comparison and as a reference line), (a) vessel wall at 
1.85 cm (antinode) (b) vessel wall at 7.4 cm (node) (c) vessel wall at 8.6 cm (between 
node and antinode) (d) vessel wall at 9.25 cm (antinode) (see online version for colours) 

 

(a) (b) 

   

(c) (d) 

Figure12 Foams irradiated at same frequency (25 kHz) and variable distance from probe (vertical 
symmetry axis for comparison), (a) vessel wall at 1.48 cm (antinode) (b) vessel wall at 
5.90 cm (node) (c) vessel wall at 6.35 cm (between node and antinode) (d) vessel wall 
at 7.38 cm (antinode) (see online version for colours) 

  
(a) (b) 
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Figure12 Foams irradiated at same frequency (25 kHz) and variable distance from probe (vertical 
symmetry axis for comparison), (a) vessel wall at 1.48 cm (antinode) (b) vessel wall at 
5.90 cm (node) (c) vessel wall at 6.35 cm (between node and antinode) (d) vessel wall 
at 7.38 cm (antinode) (continued) (see online version for colours) 

  
(c) (d) 

Figure 13 Foams irradiated at same frequency (30 kHz) and variable distance from probe (vertical 
symmetry axis for comparison), (a) vessel wall at 1.23 cm (antinode) (b) vessel wall at 
4.9 cm (node) (c) vessel wall at 6.13cm (antinode) (see online version for colours) 

  
(a) (b) 

 
(c) 

Once the foams solidified, their cellular structure was investigated. In this case, the same 
procedure, as depicted in Figure 4, was followed. The foams’ cross-sections were 
analysed using the ‘topo-porosity’ image processing method and the areas of high 
porosity (blue, low numerical values) and low porosity (red, high numerical values, high 
density) were plotted (Figure 11, Figure 12 and Figure 13). 

The small power input that the sonotrode allowed and the high attenuation rate 
observed in the signal only permitted samples to be prepared at 3-4 locations for each of 
the frequencies. Indeed, samples located beyond the fourth antinode of displacement, i.e., 
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1.5 wavelengths, did not show the effect created in those irradiated closer to the 
sonotrode and at the same acoustic pressure. With the exception of the 30 kHz frequency, 
the zone between antinode and node was also explored in order to assess whether the 
pressure wave would be printed on the cellular structure in a ‘bell-shape’ distribution of 
porosity. When irradiating at 30 kHz, the stepping distances were too small and was not 
possible to explore this in-between area. This was due to the size of the vessel (5 cm) 
with respect to the quarter-wavelength (2.45 cm). 

A vertical symmetry axis was added to the topographic representations of porosity 
distribution (Figure 11, Figure 12 and Figure 13). This allows distinguishing the different 
variations of porosity and gradients (from left to right) depending on the locations along 
the acoustic wave. 

It can be observed that there is a negative gradient (i.e., from big to small pore size, 
from blue to red colour) for the foams irradiated at the first available antinode (maximum 
of displacement), and a positive gradient (from small to big pore size, from red to blue 
colour) for those irradiated at the node (minimum of displacement). Those foams 
irradiated in-between the antinode and node to make their central axis coincident with the 
antinode, present a symmetric distribution (‘bell-shape’, blue colour in the core, red 
colour around, towards the edges), which can be assumed that matches the bell-shaped 
symmetrical acoustic energy distribution in that area. This effect is less distinct when 
irradiation has been carried out at a further distance because, it is thought, the acoustic 
signal was more attenuated. 

5 Discussion 

The manufacture of porosity graded polymeric foams using ultrasound as a  
porosity-agent was possible once the optimal sonication conditions for the mixture were 
established. This included, among others, the exploration of minimum acoustic values at 
which the reacting melt was sensitive to the ultrasound (i.e., low threshold) so this 
created a visible effect, an ‘acoustic imprint’, on the final solid structure. 

An understanding of both the foaming process and the gas bubble-ultrasound 
interaction were necessary to exploit this opportunity for tailoring bubble sizes (which 
became pores, cavities, in the final cellular structure) using controlled and timely 
irradiation of ultrasound. 

It was also observed that the foams irradiated at the antinodes of displacement (i.e., 
vessel wall aligned with the antinode) presented a negative porosity gradient (from big to 
small sizes). Conversely, the foams irradiated at the nodes of displacement presented a 
positive porosity gradient (from small to big sizes). Those foams sonicated when their 
central axis was aligned with the antinode saw a ‘bell-shape’ field of energy, which was 
printed on the final cellular structure (Figure 14). This porosity gradient effect was more 
obvious in those polyurethane foams irradiated at a closer distance from the sonotrode. 
Sonication at further distances experienced attenuation problems which was a major 
drawback for the design and manufacture of more sophisticated porosity gradations. 
Issues with attenuation, not only in the acoustic field, but also within the reacting matrix, 
which changes dynamically during the sonication, are still not fully understood and need 
further study. 
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Figure 14 Summary of findings: foam porosity gradient vs. position along the standing wave 

 

Nonetheless, this paper presents promising results in the manufacture of porosity graded 
cellular structures. It is demonstrated here that a controlled acoustic field can create a 
desired final cellular structure within a solid polymeric foam. This established  
cause-effect is particularly interesting because it shows a potential novel strategy for 
designing ‘fit-for-purpose’ artefacts (Figure 15). 

Figure 15 Example of application: (a) irradiated polymeric foam (30 kHz; 8,500 Pa) that imitates 
a natural porosity graded structure (b) original structure (bone) (see online version  
for colours) 

  
(a)    (b) 

The new method offers the prospect of manufacture routes not yet employed for  
bio-inspired products with engineered functionalities, so they are suitable for substituting 
existing structures (e.g., bone) or optimising them for new applications (e.g., new 
structural materials with a high impact absorption ratio). 

Although this newly discovered technique opens up a new processing route for 
materials with tailored functionalities (e.g., porosity to engineer mechanical properties, 
stiffness, flexibility, elastic deformation, etc.), interactions between forming cellular 
structures and ultrasound still require further investigation. The dynamic evolution of the 
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foaming material, physical changes from a viscous foam to a solid, creation of internal 
cavities and channels, etc have implications on the material’s acoustic properties  
(i.e., impedance, attenuation rate, etc.) and if they are not fully understood and controlled, 
can cause a hindrance for further development of this technology. 

6 Conclusions and future work 

This novel method of manufacture of porosity graded materials using ultrasonic 
irradiation presents great potential, especially when combined with other manufacturing 
methods (e.g., mould casting, compression moulding, etc.). It opens up new routes, when 
used in isolation or in conjunction with other fabrication strategies (e.g., placeholder 
techniques to create ceramic or metal foams), for the design and manufacture of 
optimised structures in a myriad of fields, including biomimetics. 

The principles that have been described here are currently under consideration for the 
application on other type of polymeric foams, ceramic, metal or composite materials. The 
promptness in response of the foam to the ultrasound (i.e., how quickly irradiation can 
provoke long-lasting effects on the cellular structure) depends of several factors and the 
‘sonication window’ is one of them. Exploration of ‘sonication windows’ is the first step 
towards control of porosity gradients in the manufacture of engineered cellular structures 
that can be used for high-performance engineering applications (e.g., structural 
engineering, thermal and acoustic insulation, etc.) 

The creation of more sophisticated acoustic fields, e.g. using more sources of energy 
and coupling agents that can actively interact with the foaming material, is an area of 
current research interest because this can enable the design of new texture distributions or 
the replica of those already existing or inspired by nature. 
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