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For paper manufacturing and biofuel production, the controlled deformation of wood pulp is of interest, pro-
vided that the integrity of the fibre structure remains intact. Conventional ultrasonic pretreatment in the near-
audible range has been observed to cause uncontrolled inertial cavitation damage in the wood pulp fibres.
To prevent internal damage, we proposed to subject wood pulp mixed with hydrophobic particles to 1-MHz
short pulses above the nucleation threshold of the particles but below the Blake threshold, and to observe
the interaction of pulsating cavities and wood pulp fibres assisted by high-speed photography. Our 1-MHz
results showed the interaction of a collapsing bubble with a wood pulp fibre wall to form a liquid jet hitting
the fibre, without apparent destruction of the structure, whilst our 20-kHz controls confirmed previously ob-
served structural destruction. This study shows the feasibility of controlled wood fibre deformation at a high
ultrasound frequency.

Wood pulp is used for making paper, but also of interest in the production of biofuel.1, 2)

The controlled deformation of wood pulp fibres is desired in processes where the cells need

to be accessed by chemical agents and enzymes.1) In numerous independent studies, inertial

cavitation generated during ultrasonic pretreatment of wood pulp fibres has been shown to

not only increase the permeability of the cell walls, but also to disintegrate the structure of

the fibres.3–6) Cavitation-induced permeation was recently confirmed in solid wood, as well.7)

Whilst permeation is desirable in industrial processes, structural disintegration is not.1) As for

the experimental settings in these prior studies, the inertial cavitation-generating ultrasonic
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apparatus used were operating in the near-audible frequency range, whilst sonication was

varied from minutes to hours.3–6) Such acoustic conditions have been associated with the

unwanted production of free radicals and deposition of heat.8–11) Pretreatment with steam

has also been shown to lead to disruptive effects, such as the visible destruction of so-called

boarded pits.12)

Under less powerful, clinical diagnostic sonication conditions, movement and perme-

ation of cultured human and animal cells have been observed, too, but with less unwanted

bioeffects.13–17) This type of ultrasound-assisted cell permeation requires the presence of mi-

crobubbles or cavitation nuclei in or near the cells under sonication.18–20) The asymmetric

collapse of a pulsating microbubble near an interface has been observed to cause liquid jets

impacting and penetrating the interface.21) As the interaction between cavitation nuclei and

cells may happen within an ultrasound cycle, experimental optical observations are typically

done aided by high-speed photography through a microscope system.22–24) We hypothesised

that such a procedure would aid in the observation of wood pulp cell permeation, provided

that the nucleation location is controlled to be outside the fibre rather than inside.

The purpose of this study was to subject wood pulp mixed with hydrophobic particles to

ultrasound pulses of high enough acoustic amplitudes to cause the particles to nucleate but of

low enough acoustic amplitude to prevent spontaneous inertial cavitation in different parts of

the mixture.

At acoustic amplitudes high enough to generate inertial cavitation, microbubble-based

nuclei are typically very short-lived, due to fragmentation processes.25, 26) As an alternative

to these rapidly destroyed nuclei, zinc oxide hydrophobic particles have been proposed for

longer lasting nucleation.27) It has been observed, that the nucleation threshold of hydropho-

bic particles, but also of hydrophilic particles, is lower than the so-called Blake cavitation

threshold.28–30)

Let us assume a perfectly spherical hydrophobic core comprising one or multiple particles

surrounded by a bubble of a size proportional to this hydrophobic core and in suspension

in an infinite liquid. Following the derivation steps previously presented,28) but including an

additional damping term,31) the fundamental equation of radial hydrophobic particle dynamics

can be stated as

𝑅 ¥𝑅 + 3
2
¤𝑅2 =

1
𝜌

[(
𝑝0 − 𝑝v +

2𝜎𝑅0

𝑅2
0 − 𝑅2

h

) (
𝑅3

0 − 𝑅3
h

𝑅3 − 𝑅3
h

)𝛾
+ 𝑝v

− 2𝜎𝑅

𝑅2 − 𝑅2
h
− 4[ ¤𝑅

𝑅
− 𝛿𝜔𝜌𝑅 ¤𝑅 − 𝑝0 − 𝑝(𝑡)

]
,

(1)
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where 𝑝(𝑡) is the time-dependent acoustic driving function, 𝑝0 = 101 kPa is the ambient

pressure, 𝑝v = 2.33 kPa is the vapour pressure, 𝑅 is the instantaneous bubble radius, 𝑅0 is

the initial bubble radius, 𝑅h ≈ 0.1𝑅0 is the incompressible hydrophobic core radius, 𝛾 = 1.4

is the ratio of specific heats, 𝛿 is the nonviscous part of the damping coefficient,31) [ is

the liquid viscosity, 𝜌 = 998 kg m−3 is the liquid density, 𝜎 = 0.072 N m−1 is the surface

tension, and 𝜔 = 2𝜋 × 106 rad s−1 is the angular driving frequency. We used a hydrophone

recording of a single pulse of five ultrasonic cycles and peak-negative pressure amplitude

1.3 MPa as a driving function. This pulse had been recorded in a separate water container,

with a hydrophone positioned along the central axis of the transducer and the hydrophone tip

in the acoustic focus. The peak-negative pressure of the pulse was measured to be 1.3 MPa,

whilst the peak-positive pressure was measured to surpass 7.4 MPa. As the inertial cavitation

threshold is related to the rarefaction of a nucleus, only the peak-negative pressure was taken

into account throughout the remainder of this study. It must be noted that (1) only applies until

the moment that bubbles undergo surface harmonics or other asymmetries.

Bubble collapse close to an interface may result in a liquid jet protruding from the distal

part towards and through the interface.32) The asymmetric collapse causes the part of the

bubble distal to the interface to exceed the velocity of the proximal part to the interface. To

conserve the impulse of the system, the liquid distal to the bubble is accelerated and focussed

during collapse, leading to the formation of a liquid jet directed to and protruding through

the interface.32) The protrusion may have a destructive effect on biomaterials.21) The radius

of liquid jets has been empirically observed to relate to the collapsing bubble radius:33)

𝑅j

𝑅c
≈ 0.1 , (2)

where 𝑅c is the spherically symmetric pulsating bubble radius on the verge of collapse and

𝑅j is the radius of the liquid jet. In addition, the length of the jet can be estimated from the

following empirical relation:34)

𝑙j

𝑅c
≈ 3 , (3)

where 𝑙j is the full travel path of the liquid jet. It should be noted that the full liquid jet is rarely

visible, because only the beginning of the protrusion, where gaseous components are drawn

into the jet, has an optical refraction index different from the surrounding liquid medium.

Never dried unbleached softwood kraft pulp from a Scandinavian paper mill with a ^

number of 85 was washed until a neutral pH was reached. The pulp was stored at 7 ◦C.

Prior to experiments, polypropylene conical tubes of 15-ml inner volume were filled with
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5 ml of reverse-osmosis ultrapure (Type 1) water. To half of the tubes, 5 mg of Zano 10 Plus

zinc oxide coated with octyl triethoxy silane (Umicore, Brussel, Belgium) was added. These

hydrophobic particles had specified diameters of 50 nm. Although individual particles were

too small for visual observation, microbubbles containing clusters of zinc oxide particles were

visible. In each tube, 100 mg of wood pulp was deposited, after which the mixture was gently

stirred for 1 minute.

An amount of 0.2 ml wood pulp mixture was pipetted into the observation chamber of

a high-speed observation system,23) shown in Fig. 1a. The observation chamber was placed

on top of an Eclipse Ti inverted microscope (Nikon Corporation, Minato-ku, Tokyo, Japan)

with a Plan Apo 10×/0.45 WD 4.0 objective lens. An HPV-X2 high-speed camera (Shimadzu,

Nakagyo-ku, Kyoto, Japan) was connected to the microscope. This camera was operating at a

frame rate of ten million frames per second. The exposure time was 50 ns per frame. During

camera recording, the material was subjected to one ultrasound pulse.

A laboratory-assembled single-element transducer produced focussed ultrasound

pulses.23) Each pulse had a centre frequency of 1.0 MHz. The voltage amplitude of a pulse

was 5.0 V. The signal fed into the transducer was generated by an AFG320 arbitrary function

generator (Sony-Tektronix, Shinagawa-ku, Tokyo, Japan) and amplified by a UOD-WB-1000

wide-band power amplifier (TOKIN Corporation, Shiroishi, Miyagi, Japan). The pulse used

as a driving function in the simulations had been created with these devices.

A total number of thirteen high-speed video sequences was recorded. Each video sequence

consisted of 256 frames. These frames were imported into the matrix laboratory MATLAB®

(The Mathworks, Inc., Natick, MA, USA). Nuclei sizes were measured and plotted as a

function of time. The modified Rayleigh-Plesset equation (1) was numerically evaluated

using the ode45 differential equation solver of MATLAB® for various liquid viscosities

[ ∈
〈
100, 102〉 mPa s. The liquid viscosities used in the simulations included those stated

in TAPPI standard 230 om-99. The simulated nucleation curves were superimposed on the

measured nucleation plots.

In addition to high-speed photography experiments at 1-MHz sonication, near-audible

controls were performed under literature settings, with and without zinc oxide present near

wood pulp fibres. These control experiments served to rule out that any deviation with respect

to experiments described in literature might be caused by the specific wood pulp sample or

by the presence of zinc oxide.

For each near-audible control experiment, a conical tube was clamped such that its base

was 12 mm below an FB4417 2-mm microtip (Thermo Fisher Scientific, Waltham, MA, USA)
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with measured 1.6-mm diameter that was attached to a CL-334 ultrasound converter (Thermo

Fisher Scientific) of an FB705 Sonic Dismembrator (Thermo Fisher Scientific), as shown

in Fig. 1b. Each sample was sonicated at a frequency of 20 kHz for 5 min at an operating

power of 700 W. The acoustic amplitude of this geometry corresponded to a mechanical index

conservatively estimated to be at least twenty times the cavitation threshold. The temperature

before and after sonication was measured using a mercury thermometer.

From each sonicated wood pulp mixture, two samples were extracted using tweezers,

placed on microscope slides, and preserved with coverslips. Five regions of interest on each

slide were optically evaluated using a Leica DMIL LED inverted microscope (Leica Mi-

crosystems, Wetzlar, Germany) with an N PLAN 20× (NA 0.40, WD 0.39 mm) objective lens

(Leica).

Representative controls in the near-audible frequency range are shown in Fig. 2. The con-

trols demonstrated that under literature conditions, wood pulp fibres were disrupted. Visible

disruption was observed both in presence and absence of zinc oxide. Under both conditions,

boarded pits had deformed to noncircular geometries. These controls confirmed that the wood

pulp sample was behaving similar under high-amplitude low-frequency sonication as de-

scribed prior in literature. In addition, the presence of zinc oxide was not observed to alter the

disruption caused by the near-audible ultrasound.

High-speed footage showed subsequent pulsation cycles of hydrophobic particles. The

bubbles surrounding the particles were observed to have expanded to radii beyond 10 `m.

Fig. 3a shows a representative example of the radial excursion of hydrophobic zinc oxide near

a wood pulp fibre as a response to the pressure pulse shown in Fig. 3b. Numerical solutions

of (1) for a bubble of initial radius 2.9 `m with a 10% incompressible core are shown in the

same frame. The simulated outward excursions during the first cycles matched those of the

experimental data points closest when choosing a liquid viscosity of 45 mPa s. The influence

of surface tension or core size on the radial excursions were found to be negligible. Thus,

the pulsations of the hydrophobic nuclei in our experiments were dominated by the viscous

properties of the wood pulp.

From the fourth pulsation cycle on, radially asymmetric bubble oscillations were observed

with a maximum radius of 30 `m. At time stamp 11.2 `s, an asymmetry was observed in the

collapsing bubble, which may be interpreted as a jet protruding towards the wood pulp

fibre interface, shown in Fig. 3c. The jet radius was estimated to be 2 `m. Following (2),

𝑅c ≈ 20 `m. According to (3), 𝑙j ≈ 60 `m, which is well within the fibre. This empirical jet

length is an indicator that the wood pulp fibre must have been disrupted following presumed
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jet impact. It was noted that the boarded pits visible in the image sequence remained visibly

intact in this event and the other experiments at 1 MHz. After the impact of the presumed jet,

material was observed to stream near where the jet may have impacted (not shown), indicating

successful jet penetration.

In conclusion, our 1-MHz results showed a collapsing bubble near a wood pulp fibre form

a liquid jet hitting the fibre, without destruction of the structure, whilst our 20-kHz controls

confirmed previously observed structural destruction. This study shows the feasibility of

controlled wood fibre deformation at a high ultrasound frequency. To our knowledge, this

paper presents the first photographic observation of ultrasound-assisted jet formation near a

wood pulp fibre.
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List of Figures

Fig. 1. Experimental high-speed photography setup (a), comprising a 1-MHz single-element

focussed ultrasound transducer (i), a water-filled container (ii), an observation chamber (iii),

and an objective lens (iv); experimental setup for near-audible controls (b), comprising a

microtip (v), a conical tube (vi), a clamp (vii), and a dismembrator (viii).

Fig. 2. Wood pulp fibres before near-audible sonication (a), after 5-min sonication (b); wood

pulp fibres mixed with zinc oxide, whose clusters are indicated by dashed green circles, before

sonication (c) and after 5-min sonication (d).

Fig. 3. Radial response (a) of a hydrophobic core subjected to a pressure pulse whose peak-

negative pressure was 1.3 MPa (– –) and whose peak-positive pressure surpassed 7.4 MPa

(b), measured from high-speed video footage of hydrophobically modified zinc oxide (◦) and

simulated for a bubble of radius 𝑅0 = 2.9 `m with a 10% incompressible core in a medium

with 45-mPa s viscosity. Inlays extracted from high-speed video footage each correspond to

a 100-`m diameter. A zinc oxide cluster is highlighted by a dashed green circle. Selected

high-speed footage (c) of an area corresponding to 150 × 150 `m2 with schematics overlain

show a bubble at its maximum (i), its collapse to form a liquid jet (ii), and a composite image

of both frames (iii).
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i
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Fig. 1. Experimental high-speed photography setup (a), comprising a 1-MHz single-element focussed
ultrasound transducer (i), a water-filled container (ii), an observation chamber (iii), and an objective lens (iv);
experimental setup for near-audible controls (b), comprising a microtip (v), a conical tube (vi), a clamp (vii),
and a dismembrator (viii).
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Fig. 2. Wood pulp fibres before near-audible sonication (a), after 5-min sonication (b); wood pulp fibres
mixed with zinc oxide, whose clusters are indicated by dashed green circles, before sonication (c) and after
5-min sonication (d).
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(a)

a

b

c

i iiiii

Fig. 3. Radial response (a) of a hydrophobic core subjected to a pressure pulse whose peak-negative pressure
was 1.3 MPa (– –) and whose peak-positive pressure surpassed 7.4 MPa (b), measured from high-speed video
footage of hydrophobically modified zinc oxide (◦) and simulated for a bubble of radius 𝑅0 = 2.9 `m with a
10% incompressible core in a medium with 45-mPa s viscosity. Inlays extracted from high-speed video footage
each correspond to a 100-`m diameter. A zinc oxide cluster is highlighted by a dashed green circle. Selected
high-speed footage (c) of an area corresponding to 150 × 150 `m2 with schematics overlain show a bubble at its
maximum (i), its collapse to form a liquid jet (ii), and a composite image of both frames (iii).
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