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1. Fundamentals



Characteristics of ultrafast laser processing

Wavelength: 800 nm ~ 1 pm (typically 1 pm)
Visible and UV are available by use of harmonics
Pulse width: Several tens of fs ~ tens of ps

(several tens ~ several hundred of fs for research,
several ps for industrial applications)
Peak intensity: ~ several tens of PW/cm? (1015/cm?)

€ Minimized heat affected zone.
@ Processing of transparent materials by multiphoton or tunneling ionization.
@ Internal modification & 3D fabrication of transparent materials.

€ Nanofabrication with a resolution beyond diffraction limit.

K. Sugioka and Y. Cheng, Light Sci. Appl. 3, €149 (2014).



Nonlinear absorption process of ultrafast laser by transparent materials
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K. Sugioka and Y. Cheng,

Appl. Phys. Rev. 1, 041303 (2014).



Ablation of transparent material

Wavelength : 800 nm
Material: Fused silica

Exitech Limited

By courtesy of M Gower.



Internal modification and 3D processing of transparent materials

S ——

S
Single-photon Multi-photon
*Photoreaction occurs from the *Photoreaction occurs only near
surface of material the focus
* Poor axial resolution * Improved axial resolution
* Limited penetration depth » Enhanced penetration depth

K. Sugioka and Y. Cheng, Appl. Phys. Rev. 1, 041303 (2014).



Fabrication resolution far beyond diffraction limit

Threshold effect Multiphotpn absorption effect
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Typical fabrication resolution of TPP: ~ 100 nm
(NA =1.4, A = 800 nm, Spot size: ~ 700 nm)
Effective beam diameter for n-photon absorption m;
w=w,/ \n (m¢ : Actual beam diameter)

( Probability of n-photon absorption depends on I'™)
K. Sugioka and Y. Cheng, Light Sci. Appl. 3, €149 (2014)., K. Sugioka and Y. Cheng, Appl. Phys. Rev. 1, 041303 (2014).



2. Schemes of 3D Processing
and Example of Each Scheme



Ultrafast Laser 3D Processing

Undeformative Subtractive Additive
processing processing processing
(Zero processing)

Fs laser beam

Fabricated 3-D
structure

(1) Fs laser direct writing

<= Photo curable
resin

Substrate
(2) HF etching
Internal refractive index Femtosecond laser 3D Two-photon polymerization
modification inside glass glass micromachining (TPP)

K. Sugioka, Int. J. Extrem. Manuf. 1, 012003 (2019).



Undeformative Processing

Internal Refractive Index Modification of Glass (waveguide writing)
K. M. Davis et al., Opt. Lett. 21, 1729 (1996).
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Undeformative Processing: Internal Refractive Index Modification
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Internal Refractive Index Modification
of Transparent Materials

Materials

* Glass: fused silica, borosilicate glass, chalcogenide glass, Foturan glass, etc.
* Crystal: Ti:Sapphire, Nd:YAG, Yb:YAG, Nd: YLF (LiYF,), LiNbO3, etc.

* Semiconductor: Si, Diamond, GaAs, etc.

* Polymer: PMMA, CYTOP, etc.

Wavelength of ultrafast laser must be transparent.
e.g., 1.5 um for Si



Applications of Internal Refractive Index Modification
SD Data Storage

—

(a)

Formation of dot structures in which nanograting is formed to induce
birefringence where the axial orientation and strength of retardance are
used as the fourth and fifth dimensions

Left: Mixed image (in pseudo color)
Center: Recorded in strength of retardance
Right: Recorded in azimuth of the slow axis

Maxwell Newton
M. Bersna, et al., Appl. Phys. Lett. 101, 053210 (2012)., J.Y. Zhang et al. Phys. Rev. Lett. 112, 033901 (2013).



Subtractive Processing

Ultrafast Laser Assisted Etching (ULAE)
Ultrafast Laser Induced Selective Etching (ULISE)

Ultrafast laser direct write Chemical etching
in diluted HF

Contrast ration in etching selectivity: 30 ~ 50

Formation of 3D modified regions Formation of 3D hollow microstructures

Materials
* Fused silica (wide transparency, high purity)
* Photosensitive Foturan glass (smooth surface, selective metallization)
K. Sugioka and Y. Cheng, Appl. Phys. Rev. 1, 041303 (2014)., K. Sugioka, Int. J. Extrem. Manuf. 1, 012003 (2019).



Fabrication of 3D Glass Micro/Nanofluidic Chips
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Controllable cross-sectional shape of microchannel

K. Sugioka et al., Laser Photon Rev. 4, 386 (2010). Choudh tal. Lab Chin 12. 948 (2012
F. Sima, Ksugioka et al., Adv. Mater. Technol. 5, 2000484 (2020). oudhury et al., Lab Chip 12, 948 (2012).




Fabrication of mm to cm Scale 3D Objects

Geneva Geer
. Micromachines 10, 565 (2019)
https://femtika.com/example/geneva-gear/ https://doi.org/10.3390/mi10090565




Materials Available for ULAE

(a) After etching
H,0:H3PO, (50%)

0.4 NA >~  30hours

80 mwW =

500 KHz

460fs
8 mms*?
Circ. Pol.

Nd: YAG Si
Laser wavelength: 1047 nm Laser wavelength: 1.55 pm
Etchant: Orthophosphoric acid (H;PO,) Etchant: Cu(NOs),, HF, HNO; and CH;COOH

D. Choudhury et al., Appl. Phys. Lett. 103, 041101 (2013). O. Tokel et al., Nature Photon. 11, 639 (2017).



Application of 3D microfluidic chip

Mechanism study of cancer cell metastasis and invasion

Primary tumour

EGF|

DIC

NLS-GFP

Time 0 50 110 220 300 440 460 510 min
C. M. Denais et al.,Science, 352, 353 (2016).

Cancer cells can migrate through a

https://www.pinterest.co
m/cancerhallmarks/canc

Secondary site -

er-metastasis/ “ constriction with a size of 2 x 5 um? using a

b N— planer 2D biochip. During the migration, the
nucleus is deformed which significantly
damages the nuclear envelope, while the
damaged nuclear envelope can be repaired
after the migration.

At early stages of metastasis formation and
cancer cell invasion in human body, cells must
undergo large morphological changes in order
to cross the basement membrane and move

through connective tissue. Size of cancer cells:

several ~ several tens of pm


https://www.pinterest.com/cancerhallmarks/cancer-metastasis/
https://www.pinterest.com/cancerhallmarks/cancer-metastasis/
https://www.pinterest.com/cancerhallmarks/cancer-metastasis/

Application of 3D microfluidic chip

Mechanism study of cancer cell metastasis and invasion

200 pm

—— l Nanometric channels in glass

F. Sima, K. Sugioka, et al., Adv. Mater. Technol. 5, 2000484 (2020).



Application of 3D microfluidic chip

Mechanism study of cancer cell metastasis and invasion
Cancer Cells: PC3 (human prostate cancer cell line), No Chemoattractant
Nuclei are stained with red fluorescent protein,
while the other part, with green fluorescent protein

No damage of nucleus envelope
and cell membrane

F. Sima, K. Sugioka, et al., Adv. Mater. Technol. 5, 2000484 (2020).



Application of 3D microfluidic chip

Mechanism study of cancer cell metastasis and invasion
Our findings from observation of cancer cell migrating in the nanochannels.

Cells can migrate in nanochannls with a width narrower than 1 um, which is
more than one order narrower than the cell size;

Cells can migrate in nanochannels even without chemoattractant;

Cells are 100% viable and active after migration in nanochannels;

Cells can attain speeds up to 1.5 um/min, which depend on the channel width,
i.e., narrower, faster;

The volume of cell nucleus is compressed when passing the nanochannels, and
the cell nuclei are able to stretch over the length of nanochannel of 50 pm with
no damage;

The cells are able to divide and proliferate after or even during the migration.
The probability of proliferation remains unchanged after the migration;

The cells can further migrate through another nanochannel after first migration

like intravasation and extravasation;
F. Sima, K. Sugioka, et al., Adv. Mater. Technol. 5, 2000484 (2020).



ULAE + Bessel Beam
High-speed, high aspect-ratio glass drilling

Bessel Beam:

Amplitude of a Bessel beam is
described by a Bessel function of the
first kind. A true Bessel beam is non-
diffractive. This means that as it
propagates, it does not diffract and not
spread out; namely laser beam can
remain focused at a long range, this is
in contrast to the usual behavior of
light, which spreads out after being
focused down to a small spot. The
quasi-Bessel beam can be obtained by
use of an Axicon lens which has a
conical shape.

Axicon

Gaussian beam

—>

Bessel beam

SL.M is also available
for generation of Bessel beam.




Taper-Free Drilling

Ultrafast laser Bessel beam drilling of glass

Possibility of high aspect ratio drilling without \\\\\\\'/\// / ///
v

tapered structures.

Axiconl| \YY\(:S(YY/ ]
Highly flexible positioning of substrates along the Ray-Trace A XX

) C77Y 7YY 1
beam axis.

The laser beam must be transparent to
the substrate R

Z 400 nm

400 nm dia. in 43-pm thick fused silica glass (aspect ratio: > 100)
M. K. Bhuyan et al., Appl. Phys. Lett. 97, 081102 (2010).



ULAE + Bessel Beam

High aspect-ratio through holes for
Axicon glass interposer for next-generation
lens semiconductor devices

Millimeter size through holes
with flexible shape by laser scanning

-

(KOH or NaOH etching) The chip with millimeter size through hole
> 1,000 holes/s array can be used to study the fast motor
__ ICchips control mechanisms that the fruit fly
implements for feet placement when it walks

Glass interposer over the array of holes.

()

Motherboard J. Zhang et al., Small Sci. 4, 2300166 (2024).




Digital-PCR

PCR enables drastically amplifying and detecting trace numbers of targeted DNA or RNA molecules in biological samples.

Current PCR
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Amplification
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Applications
\/ Clinical diagnostics
\/ Environmental pathogen monitoring
Genetic engineering
DNA sequencing

Quan, P.-L., Sauzade, M. & Brouzes, E. Sensors 18, 1271 (2018).

Next-Generation PCR

Digital Amplification

Numerous independent units (Unit volume: several nL)
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Advantages
\/ Absolute Quantification

\/Detection of rare mutations

\/ Increased Sensitivity
\/ Tolerant to Inhibitors

Requirement: more than 10,000 microchambers
with a volume of several nL



Digital PCR Chips Fabricated by Bessel Beam ULAE

Filled with liquid
—> Vacant holes
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Array of holes can be created at a speed of 100 holes/s.
20,000 micro-hole array (scalable to more than thousands per second).

Substrate: 500 pm thick Borosilicate glass
Etching Selectivity: 4:1 (modified:unmodified)

Created holes: ~70 pm diameter, ~400 pm depth J. Zhang, K. Sugioka et al., Small Sci. 4, 2300166 (2024).



Additive Processing: Two-Photon Polymerization

(Kawata et al., 1997)  Fslaser beam

Fabricated 3-D
structure

<— Photo curable
resin

Substrate Fabrication resolution: ~100 nm

. j“
0D

3D photonic crystal 3D microlens arrays 3D microturbine
K. K. Seet, et.al, Adv. R.Guo, et.al, Opt. Express 14,  Adv. Mater. 22,3204 (2010).

Mater.17, 541 (2005). 810 (2006).



3D printing of metal micro- and nano-structures

Two-Photon Photoreduction in either a sol-gel matrix, a polymer composite containing
metal nanoparticles and a silver salt, a metal-ion solution, or a polymer film containing
silver ions

1Tum

Metal ion solutions
Ag source: diammine silver ions (DSI)
Surfactant: nitrogen atom-containing alkyl carboxylate
(n-decanoylsarcosine sodium; NDSS)

T. Tanaka et al, Appl. Phys. Lett. 88, 081107 (2006)., T. Tanaka et al, Appl. Phys. Lett. 89, 113 102 (2006).



3D printing of protein micro- and nano-structures

Two-photon Crosslinking in mixture of protein molecules and photointiator

3D printing of pure BSA by photo-initiator free
femtosecond laser multiphoton crosslinking

3D printing of all-silk-based
micro/nanostructures
Y. L. Sun et al, Nature Commun. 6, 8612 (2015). D. Serien and K. Sugioka, ACS

Apphcatlons of 3D protein structures: Biomater. Sci. Eng. 6, 1279-1287(2020).

Cell culture

in situ guidance and capture of living cells

Microactuation due to chemical response (pH dependent volume change)
Drug delivery



3D printing of glass micro- and nano-structures

TPP using mixture of photocurable resin and high-density silica nanoparticles

followed by thermal treatment at high temperature
T. Doualle et al, Opt. Lett. 46, 364 (2021).

Fabrication resolution: sub-200 nm

Scale bar: (a) 5 um, (b-d) 10 um,, (¢) 400 nm,
() 1 pm, (g) 2.5 um, (h) 230 nm, (i-k) 20 um.

X. Wen et al, Nature Mater. 20, 1506 (2021).



New Trend: 4D Printing

4D printing introduces the dimension of Single material S5 NG
transformation over time to 3D printed
objects. Therefore, after the fabrication
process, the printed objects change their
forms by changing the environment such as N Multimaterial 4D printing
humidity, temperature, pH or applying

stimulus with light, magnetic field, etc.

E—

Environment change

)

Environment change

Botanical-Inspired Complex

Shape Transformation

* 4D printing of pH-responsible
hydrogel.

* Response speed faster than 400
ms.

Y. Fu et al., Adv. Funct. Mater. 30,
1907377 (2020)




3. Hybrid Ultrafast 3D Processing



Ultrafast Laser 3D Processing

Undeformative Subtractive Additive
processing processing processing
(Zero processing)

Fs laser beam

Fabricated 3-D
. structure

(1) Fs laser direct writing

<+~ Photo curable
resin

Substrate

(2) HF etching

Each scheme has both strong and weak points for 3D fabrication. One scheme can create NOT any kinds
of 3D structures.

Hybrid 3D processing will further enhance performance of ultrafast laser 3D microprocessing, and thereby
enhance functionality of micro- and nano-devices.

K. Sugioka, Int. J. Extrem. Manuf. 1, 012003 (2019).



Hybrid Subtractive and Undeformative Processing
ULAE + Optical waveguide: Optofluidics for highly sensitive sensor

Mach-Zehnder unbalanced interferometer integrated with microchannel can detect reflective index change
with a sensitivity of 1x10-* and thereby can clearly distinguish glucose with a concentration of 4 mM.

R.l. increase An
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Optical fiber solutions £
E
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: I
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" 2 ol
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0 25 50 75 100 125
Glucose concentration (mM)

A — IVO
Mach-Zehnder unbalanced L n,As + LAn
interferometer based on branching AA =——A-A Al,: wavelength shift
optical waveguides, one of which - A “} fractive index chan
is across the microchannel. n: TEIfactive index change

L: length of interferometer
A. Crespi et al., Lab on a Chip, 10, 1167 (2010). A: length difference of two arms



Hybrid Additive and Subtractive Processing
TPP + nano ablation

diversify 3D nanostructures with complicated shapes that cannot be achieved by a single scheme of 3D processing

()

L A A a2 & A & 4EN
T EeNaNoNaYaNoNaYoNeXoNs)

TPP+FLA

Spiral microfluidic channel
inside polymer

W. Xiong et al., Light Sci. Appl. 1, e6 (2012).



Hybrid subtractive and additive 3D processing
ULAE + TPP

@) v Fs irradiation. HF etching.

Developing. ! PP lPonmer coating

Ship—n—ottle m e
integration

Integration of mixcier D. Wu, K. Sugioka et al., Laser Photon. Rev. 8, 458 (2014).
in 3D microfluidics D. Wu, K. Sugioka et al., Light Sci. Appl. 4, €228 (2015).



Hybrid subtractive, additive and subtractive processing
Fabrication of 3D microfluidic SERS chips

Fabrication of 3D microfluidic structure
in Foturan glass

5 2wy L5

(a) Fs laser direct \'Jvriting (b) HF etching and 2nd (c) Laser ablation inside
and st annealing annealing microchannel

= =

(d) ElectrO_leSS metal (e) Fs laser-induced periodic
. -p-latlng Lo surface structures
Selective deposition of metal thin film Nanostructuring of metal thin film with LIPSS
inside microfluidic channel
l“laser:uning_ Easer;xing_ |
______ /_l_ Double-exposure of fs laser beam with

= R orthogonal polarization directions

(5) Fs laser-induced 2D periodic surface structures

Formation of 2D array of metal nanodot structure | 25
S. Bai, K. Sugioka et al., Adv. Funct. Mater. 28, 1706262 (2018).




Hybrid subtractive, additive and subtractive processing
SERS (surface enhanced Raman scattering)

Raman spectroscopy Raman spectroscopy is a spectroscopic technique typically used to

il determine vibrational modes of molecules, which enables us to
tat . . . .
- A A identify molecules and study chemical bonding and
intramolecular bonds. Thus, Raman spectroscopy is widely used
enargy sates as one of the most common materials characterization methods in
4
3 science and engineering, including identification of substances
¥ ¥ - 1 and quantitative analysis of concentrations.
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Electric field is strongly enhanced in the vicinity of metal Raman signals can be enhanced by a factor of 105~
nanostructures by localized surface plasmon resonance (LSPR) 108 for highly-sensitive analysis of materials



Hybrid subtractive, additive and subtractive processing
Fabrication of 3D microfluidic SERS chips

Fabrication of 3D microfluidic structure
in Foturan glass

5 2wy L5

(a) Fs laser direct \'Jvriting (b) HF etching and 2nd (c) Laser ablation inside
and st annealing annealing microchannel

= =

(d) ElectrO_leSS metal (e) Fs laser-induced periodic
. -p-latlng Lo surface structures
Selective deposition of metal thin film Nanostructuring of metal thin film with LIPSS
inside microfluidic channel
l“laser:uning_ Easer;xing_ |
______ /_l_ Double-exposure of fs laser beam with

= R orthogonal polarization directions

(5) Fs laser-induced 2D periodic surface structures

Formation of 2D array of metal nanodot structure | 25
S. Bai, K. Sugioka et al., Adv. Funct. Mater. 28, 1706262 (2018).




Hybrid subtractive, additive and subtractive processing
Characterization of 3D Microfluidic SERS Chips

Analytical enhancement factor (AEF)
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S. Bai, K. Sugioka et al., Adv. Funct. Mater. 28, 1706262 (2018).

AEF = (Isgrs/Ior) / (Csers/Cor)
Isgrs : Raman intensities on the SERS substrate
Iyg : Raman on glass

Csers - molar concentration on the SERS substrate
10° M)

Cor : molar concentration glass (10" M)
Test sample : Rhodamine 6G

AEF ~ 7.3 x 108 (cf. typical EF: 105 ~ 10%)
Detection limit ~ 1 nM
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RSD ~ 8.8%

(< 10%, sufficiently small for practical use)



Hybrid subtractive, additive and subtractive processing
Real-time SERS sensing of Cd?*ions

- 2D periodic Cu-
Raman spectrometer ¢ Ag nanostoachire

Raman spectrometer

oz

Microfiadic chip \

IMicrofluidic chip® Connect to
- s - - Jllquld container
75000 50000
10.01 ppm
g 5 3 50000 N =
= 1) SUN.. S - = 20000
600008 8 E S i & B
= Sz = 0.1ppm
o 7 —— 500 ppb 50000 \ Eaxxo ""1
S Sfl2 ol —1pem > L \ R e
2 45000 4 ‘ 2 IR B —— 10 ppm = \ \/ Time (s)
D l “\ SR 2 300004 \ | :
qc) j ‘ % \O0.1 ppm} 4
£ 300001 ~ " = 20000+ A
— | "
‘ ~
15000 - \ 10000 - _
. o e 10 ppm
—=—==== Detection limit: 10 ppb e
o s 0 50 100 150 200 250 300 350 400
600 800 1000 1200 1400 1600 1800 2000 Time (s)
- -1 . . . .
Raman shift (cm ) Real-time sensing of Cd** solutions with

S. Bai, K. Sugioka et al., Adv. Funct. Mater. 28, 1706262 (2018). different concentration over time



Hybrid subtractive, additive and subtractive processing
Attomolar sensing

(a) v Liquid-Interface assisted SERS (LI-SERS
RGG 1M0°M -
—~ 60001 e : Raman
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S. Bai, K. Sugioka et al. ACS Appl. Mater. Interfaces 12, 42328 (2020).  for Tokyo 2020/2021 Olympic and Paralympic Games



Hybrid subtractive, additive and subtractive processing

(a) .- 8@ B<E—— Hot spot
a -. B
SERS s ° ® e€&—— Molecule

I
( ]
" -.-&LIPSS

=

(b) B8 g

e o0 o -
LI-SERS .-. - : .. Local aggregation
e ® o &% % induced by laser

.‘ & O,

Marangoni flow
(1) Generation of Marangoni flow by laser heating (2) Optical trapping of collected
to collect analyte molecules to the laser spot analyte molecules by enhanced
electric fields at hot spots

S. Bai, K. Sugioka et al. ACS Appl. Mater. Interfaces 12, 42328 (2020).



Sensing of Biomolecules with Large Molecular Weights
Liquid-Interface Assisted SERS (LI-SERS)

DNA discrimination Diagnosis of disease in early-stage
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4. Summary



The efficient confinement of nonlinear interactions within sub-diffraction focal
volumes has led to the realization of ultarafast laser 3D micro and
nanofabrication with 100 nm resolution for additive TPP, in addition to
undeformative writing of optical waveguides and the subtractive fabrication of
microfluidic channels in bulk transparent materials by internal processing.

The flexibility of the direct writing scheme that employs scanning of tightly
focused ultrafast laser pulses has enabled the formation of various 3D
micro/nanostructures with almost unlimited geometries and configurations,
which has had a significant impact on a broad range of applications ranging from
optoelectronics, photonics and MEMS to chemical, biological and medical
systems.

A new strategy, in which synergetic combination of each 3D processing into a
hybrid approach, has opened up a new door to enhance the flexibility and/or
capability of 3D ultrafast laser micro and nanofabrication by taking advantages
of complementary characteristics of each individual approach.
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Ultrafast lasers—reliable tools for advanced materials

processing

Koji Sugioka' and Ya Cheng”

The unique characteristics of ultrafast lasers, such as picosecond and femtosecond lasers, have opened up new avenues in materials
processing that employ ultrashort pulse widths and extremely high peak intensities. Thus, ultrafast lasers are currently used widely for
both fundamental research and practical applications. This review describes the characteristics of ultrafast laser processing and the
recent advancements and applications of both surface and volume processing. Surface processing includes micromachining, micro-
and nanostructuring, and nanoablation, while volume processing includes two-photon polymerization and three-dimensional (3D)
processing within transparent materials. Commercial and industrial applications of ultrafastlaser processing are also introduced, and a

summary of the technology with future outlooks are also given.
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INTRODUCTION

Materials processing using ultrafast lasers, lasers that emit light
pulses shorter than a few tens of picoseconds, was first reported
in 1987 by Srinivasan et al', Kiper and Stuke.” They demon-
strated the clean ablation of polymethyl methacrylate almost
without the formation of a heat-affected zone (HAZ) using fem-
tosecond ultraviolet excimer lasers. The ablation threshold was

glass and polymers.''™"* Davis ef al."" and Glezer et al.'* pioneered

this field and demonstrated respectively optical waveguide writing
and formation of nanovoid arrays inside glass in 1996. Currently,
internal microfabrication is widely applied to the fabrication of
photonic devices and biochips.'*'® It was also reported in 2001
that multiphoton absorption improves spatial resolution to exceed
the diffraction limit, due to the nonlinearity combined with the
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The rapid development of the femtosecond laser has revolutionized materials processing due to its
unique characteristics of ultrashort pulse width and extremely high peak intensity. The short pulse
width suppresses the formation of a heat-affected zone, which is vital for ultrahigh precision
fabrication, whereas the high peak intensity allows nonlinear interactions such as multiphoton
absorption and tunneling ionization to be induced in transparent materials, which provides
versatility in terms of the materials that can be processed. More interestingly, irradiation with
tightly focused femtosecond laser pulses inside transparent materials makes three-dimensional
(3D) micro- and nanofabrication available due to efficient confinement of the nonlinear interactions
within the focal volume. Additive manufacturing (stereolithography) based on multiphoton
absorption (two-photon polymerization) enables the fabrication of 3D polymer micro- and
nanostructures for photonic devices, micro- and nanomachines, and microfluidic devices, and has
applications for biomedical and tissue engineering. Subtractive manufacturing based on internal
modification and fabrication can realize the direct fabrication of 3D microfluidics, micromechanics,
microelectronics, and photonic microcomponents in glass. These microcomponents can be easily
integrated in a single glass microchip by a simple procedure using a femtosecond laser to realize
more functional microdevices, such as optofluidics and integrated photonic microdevices. The
highly localized multiphoton absorption of a tightly focused femtosecond laser in glass can also
induce strong absorption only at the interface of two closely stacked glass substrates. Consequently,
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