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ABSTRACT

We have used high speed imaging to capture the fast dynamics of two injection methods. The first one and perhaps the oldest known is
based on solid needles and used for dermal pigmentation, popularly known as tattooing. The second is a novel needle-free microjet injector
based on thermocavitation. Injections in agarose gel skin surrogates were made with both methods and ink formulations having different
fluidic properties. Water, a glycerin–water mixture, and commercial inks were used with both injectors to understand better end-point injec-
tion. The agarose deformation process due to the solid needle injection helped establish an assessment of penetration potential by using the
dimensionless penetration strength quantity. We found that microjet injections are superior than solid injections in terms of energy and vol-
umetric delivery efficiencies per injection for three different liquids. The microjet injector could reduce the environmental impact of used
needles and benefit millions of people using needles for medical and cosmetic use.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5074176

I. INTRODUCTION

Tattooing, also known as dermal pigmentation, is done by
inserting exogenous substances such as pigments into the dermis
and leaving a permanent mark.1–3 The earliest evidence of tattooing
procedures traces back to the fourth millennium B.C.E.4 As evi-
denced by mummified skin, ancient art, and the archaeological
records, tattoos have served two basic functions: medicinal or cos-
metic.5 Two distinctive types of cosmetic tattoos exist: the conven-
tional or purely decorative, and permanent make-up intended to
alleviate existing conditions, e.g., scar camouflaging, alopecia, or
postmastectomy pigmentation of a nipple on cancer patients.

The societal acceptance of tattoos and permanent make-up has
widened, with a worldwide increase in its numbers and the social
groups having them. In Europe, 12% of the population has one or
more tattoos,6 corresponding to more than 44� 106 tattooed
Europeans; the figures in the U.S.A. and other countries are similar or
higher. According to experts, depending on the skin type and individ-
ual, a tattoo can be painful and cause skin related allergies, while
20%–50% of the ink is not injected.7 Hence, our society as a whole will
be posed with scientific and technological challenges to reduce health
risks caused by tattooing and palliate its economic consequences.

The millenarian method of tattooing and permanent make-up
is in principle the same: the repeated insertion of one or several
needles into the skin delivers ink droplets through the open
wounds. Solid needles with single or multiple tips are typically sold
as single-use consumables. The ink that adheres to the needle
surface is transported into the skin dermis depending on the angle
of the needle with respect to the skin and the pressure applied by
the tattoo artist or the cosmetic technician. The exact ink formula-
tion is kept as a secret by commercial brands, with ingredients
roughly categorized according to function. Inks are composed of
different pigments suspended in a carrier solution, together with
binders and additives.6 Each ink has different ingredient propor-
tions, which enable tailored fluid dynamic properties, such as vis-
cosity, surface tension, and density.7,8 Pigments are inorganic
particles responsible for the ink visual perceptible color, with a par-
ticle size range of 0:1 μm�50 μm. The larger the particle, the
harder for the immunological system of the human body to remove
it, resulting in more permanent tattoos.9

Tattoo machines have been adapted for intradermal injections
to evenly inject into a large area of the skin, dividing effectively the
dose in smaller portions.10 In recent decades, alternative cutaneous
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delivery methods have been developed, including high pressure
injections,11 needle-assisted jet injectors,12 as well as microneedles
and biodegradable structures.13,14 A liquid jet injector is a needle-
free medical device that pressurizes thin liquid filaments to pene-
trate the skin, with clear advantages over conventional injections
with needles.10,15–17 Jet injectors were used in smallpox eradication,
preventing rabies, influenza, malaria, hepatitis A and B, injecting
insulin, and analgesics.10,16–20 Some proven advantages of jet injec-
tors over conventional needles are higher immunological response,
drug dose sparing, reduction in pain with improved patient compli-
ance, and reduction of accidental needle-stick incidents.21

Lasers can be used to heat a liquid above its boiling point with
an explosive phase transition, with varied applications besides
injecting, e.g., small droplets dispensing and patterning.22–25 If a
continuous wave (CW) laser is used as an energy source, this phe-
nomenon is known as thermocavitation.26,27 The most recent
report on needle-free injection using thermocavitation relies on a
fast growing vapor bubble inside a microfluidic channel that pro-
vides confinement.28,29 To the best of our knowledge, a rigorous
description of the tattooing process—one of the oldest transdermal
injection methods—is presented for the first time. A comparison
with a thermocavitation microjet injector device—as a needle-free
injection method—is performed on the basis of quantification of
different observables, as well as operation parameters of relevance
for applications such as potential damage to the skin, power
required for injecting, and energy efficiency per injection.

II. EXPERIMENTAL SETUP AND PROCEDURE

A. Solid needle injector

A solid needle injector was vertically fixed to inject inks into
skin surrogates made of agarose gel [see Fig. 1(a)]. This injector is
a pigmentation instrument (PL-1000 Mobil, PERMANENT-Line
GmbH), composed of an electric control unit, a hand piece, and a
consumable hygiene needle module. The hand piece includes a
motor that moves the attached needle up and down in a smooth,
cyclical pattern.30 The control unit enables an adjustable nominal
injection frequency in the range fn ¼ [50�150]Hz. A disposable
single-use module is attached to the hand piece, containing a steril-
ized stainless-steel solid needle with a diameter of Dneedle ¼ 4mm.

The agarose gel samples were placed in a custom-made
holder, under the hand piece, with the gel surface almost touching
the needle tip, as shown in Fig. 1. The gel is confined by glass
transparent walls providing a depth (y-axis), width (x-axis), and
length (z-axis) of �3mm, 3 mm, and 20 mm, respectively. A
mirror with a 45� orientation is placed below the gel. This system
allows the simultaneous frontal and bottom visualization of the
injection processes into the gels. The holder is attached to a
one-axis motorized translation stage (MT1/M-Z8, Thorlabs), which
allows one to keep the gel stationary or in motion at a constant
speed vmotor ¼ 2mm=s, along a plane perpendicular to the needle.

Front view images were made with a color high-speed camera
(Fastcam SA2, Photron) capturing 1000 frames per second (fps);
see Fig. 1(b). In addition, the agarose gel deformation was mea-
sured with dry needles—without ink—using a monochromatic
high-speed camera (Fastcam SA-X2, Photron) recording at
10 000 fps and with a high-spatial resolution of 1409 pixels per

millimeter. Both cameras have an electronic shutter as short as
300 ns. Back illumination was provided by a light-emitting diode
(LED) cold light source (SCHOTT KL 2500 LED) and a white
diffuser in between.

1. Needle displacement and force measurement

The needle vertical displacement was characterized, varying
the nominal frequency fn from 50 to 150 Hz, with videos at
10 000 fps and a spatial resolution of 300 pixels per millimeter (see
Appendix A). The force exerted by the solid needle injector into
the agarose was measured by placing the injector and skin surrogate
setup on a precision balance (Denver Instrument, APX-1000,
Δm ¼ 0:1mg) [see Fig. 1(c)]. The injector exerts a normal
force Fneedle on the agarose, recorded by the balance as an effective

FIG. 1. (a) Schematics of the solid needle injector setup: the hand-piece is ver-
tically fixed onto which a solid needle holder is attached. The agarose gel skin
surrogates were located below and almost touching the needle tip at rest. The
agarose gel can be kept stationary (vmotor ¼ 0) or in motion (vmotor ¼ 2mm=s),
along a plane perpendicular to the needle. A high-speed camera recorded the
injection process at 1000 fps. (b) Example of images obtained with the high-
speed camera: the injection length L and diameter D are determined from the
front view, whereas the bottom view shows the ink spread around the needle.
(c) Experimental setup used to measure the force exerted on the skin surro-
gates with a precision balance. (d) The initially measured peak mass mrupture
corresponds to the rupture of the gel due to the needle penetration. After that,
the balance measures a stable mass m1, corresponding to the average mass
applied by the oscillatory acceleration of the needle €yneedle.
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mass meff ,

Fneedle ¼ meff j~gj, (1)

where j~gj is the gravitational acceleration.
When the solid needle starts moving, an initial peak mass

mrupture is measured, corresponding to the agarose gel rupture as
the needle penetrates the gel. Next, the measured mass reaches a
stable value m1, corresponding to the average effective mass caused
by the oscillatory movement of the needle yneedle. The effective
mass values mrupture ¼ 0:34+ 0:04 gr and m1 ¼ 0:16+ 0:02 gr
were measured on agarose gels of 1% wt. at a needle displacement
frequency of fm ¼ 70Hz (fn ¼ 50Hz), with corresponding normal
forces: Frupture

needle ¼ 3:3mN, F1
needle ¼ 1:6mN (see comparison with

the force exerted by liquid jets in Sec. V).

B. Needle-free microjet injector

A continuous wave (CW) laser diode with a wavelength
λ ¼ 450 nm was focused at the bottom surface of a glass microflui-
dic device. In the first experiments, an aqueous solution of a molec-
ular dye matching the laser wavelength partially fills the device.
The liquid heats up above its boiling point in a few microseconds
with an explosive phase transition resulting in a fast growing vapor
bubble inside the microdevice. The bubble pushes the liquid
forming a jet, which in turn can penetrate into an agarose gel
located in front, as shown in Fig. 2. The microfluidic devices used
were similar to those described elsewhere.28,29 Since the commercial
inks used also absorb in the laser wavelength, a similar thermocavi-
tation was observed and described in Sec. IV.

The microfluidic devices were designed and fabricated in glass
substrates under cleanroom conditions.29 Each device has a fluidic
chamber in which bubbles are created and is connected to a
tapered channel with a 120 μm diameter nozzle. Additional details
of this setup are provided in Appendix B.

The laser diode is focused at the bottom of the device with a
10� microscope objective. The spot has an elliptical shape, with
beam diameters rx ¼ 33 μm and ry ¼ 6 μm and variable power
P ¼ 400�600mW. The range of powers was selected considering
the energy required to create cavitation, based on the experimental

setup conditions. The transparent glass walls of a custom-made
agarose holder permit the visualization of injection processes, as
shown in the inset of Fig. 2. The agarose depth (y-axis), width
(x-axis), and length (z-axis) are fixed at �5mm, 3 mm, and
24 mm, respectively.

The bubble growth, the liquid jet formation, and the penetra-
tion into agarose slabs were recorded at �400 000 fps using an
ultrahigh-speed camera (Phantom v2640). The camera sensor is
protected from the laser light using a colored glass filter centered at
λ ¼ 450 nm. The camera has an electronic shutter as short as
150 ns. As in the solid injector setup, the system is illuminated
from the back using a LED cold light source (SCHOTT KL 2500
LED) and a white diffuser in between. It should be noted that the
microscope objective used to focus the laser is not used in obtain-
ing the images during injection.

C. Inks’ characterization and skin surrogate
preparation

Commercially used permanent make-up (PMU) inks are col-
loidal dispersions with flow-dependent viscoelastic properties. They
are composed mainly by water and glycerol and extra additives
such as surfactants, solvents, binders, and fillers.31,32 Pigments
provide color, and due to insolubility in water, they guarantee the
permanent character of the injected ink. Additives are used in
order to avoid pigment sedimentation while storage and help the
redispersion of the fluid after it is used. Microbiological contamina-
tion is common in tattoos due to the high content of water and
organic substances present on inks. In order to avoid the contami-
nation, preservatives are added to the mixture. Other impurities
that can be found on tattoos are primary aromatic amines (PAA)
and polycyclic aromatic hydrocarbons (PAH).6,7 In this study, we
used two organic PMU inks: PMU-black (Amiea, Organic line,
Deep Black, MT.Derm) and PMU-red (Amiea, Organic line,
Cranberry, MT.Derm).

Since the actual composition of commercial inks is a
trade-secret, the PMU inks mentioned above were compared with
aqueous inks prepared by us, containing red dyed water and red
dyed glycerin–water mixture at 10% wt. Adding glycerin changes
the adhesion to the needle tip and the diffusion in the agarose is
modified with respect to pure water. In order to maximize the
absorbed energy by the liquid from the focused laser, in the needle-
free microjet injector, the aqueous solutions are colored using a red
dye (Direct Red 81, CAS No. 2610-11-9) diluted at 0.5 % wt.

We performed rheology measurements of the liquid inks,
specifically the viscosity η, varying the shear rate _γ using a rheome-
ter (Anton Paar MCR502) with a cone–plate geometry (with diam-
eter d ¼ 50mm and cone angle α ¼ 1�). The red colored water
and the glycerin–water mixture behave as Newtonian fluids with
measured constant viscosity ηwater ¼ 0:9mPa � s and ηglyc10% ¼
1:2mPa � s (see Fig. 3). The PMU inks show a shear thinning
behavior, i.e., the viscosity of the fluid decreases when the applied
shear rate increases. The measured viscosity values at high shear
rates, _γ * 100 s�1, for the PMU-black and PMU-red inks are
ηPMU�black�300mPa � s and ηPMU�red�2000mPa � s, respectively.
The larger viscosity value of PMU inks is provided by the high

FIG. 2. Schematics of the needle-free microjet injector setup: A laser is
focused at the bottom of a microfluidic device using a microscope objective. As
a result, the bubble and jet are formed and are recorded using an ultrahigh-
speed camera. The liquid jet penetrates the skin surrogate located in front of it.
The image and the zoom-in insets show the agarose gel holder and the injec-
tion print, respectively, using a red colored glycerol–water mixture at 10% wt.
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concentration of pigment particles, other additives not present in
the colored water, and water–glycerin solutions.

Among the skin surrogates used to simulate the mechanical
properties of soft tissues, agarose is one of the most popular due to
its transparency, which allows the optical quantification of
injections.24,29,33–36 The surrogates were prepared by diluting
agarose powder (OmniPur agarose, CAS No. 9012-36-6), in deion-
ized water, with an agarose concentration of 1% wt. The solution
was heated up 45 s in microwave at full power. Once the phantoms
were prepared, they were cooled down at room temperature for
5 min and stored at 4 �C.

III. SOLID NEEDLE INJECTION METHOD

We studied the solid needle injector method in three stages:
microindentation, stationary injection, and moving injection.
Microindentation occurs when the needle pushes the skin surrogate
down without causing the rupture of the surrogate. The stationary
injection begins when the needle starts bringing ink into the surro-
gate, immediately after the rupture occurs, keeping the gel fixed
with respect to the injector hand piece. Finally, the moving injec-
tion process corresponds to a scenario closer to real life injection
conditions, in which the needle is moved perpendicular to the skin
surface.

A. Dynamic microindentation hardness test

The interest to develop microindentation testing to character-
ize skin surrogate hydrogels has increased lately.37–42

Microindentation tests help in assessing the hardness of a material
against deformation with low applied loads. We used a specific
indentation testing configuration termed conical indenter (see
Appendix C). The needle solid injector can be considered a
dynamic microindentation measuring instrument with a conical
indenter. The needle travels rapidly and does not allow the relaxa-
tion of the gel. Consequently, the measured force is the

instantaneous force F0 in relation to the needle displacement. The
microindentation measurement is only valid before the rupture of
the surface agarose gel, typically within one millisecond.
Furthermore, the tip of the solid needle has a circular conical
geometry, as shown in Fig. 12 in appendixes, with a height and a
base radius of htip ¼ 0:174mm and rtip ¼ 0:068mm, respectively.
The needle tip position δ and the gel surface deformation are
obtained from experimental image sequences.

The gel deformation during the indentation process is plotted
in Fig. 13(a), where the zero position is defined in the initial agarose
gel surface plane, i.e., the surface before injection. We observed three
stages in the surface deformation: capillarity, indentation, and injec-
tion. For a time ,2ms, when the needle is approaching, the first
contact is with a water film in the surface of the gel, formed due to
the environmental humidity and evaporation. At the contact point, a
liquid bridge wetting the needle is created due to the capillary action,
and the visualized deformation is negative δ , 0. The liquid bridge
formation occurs too quickly to be captured in greater detail by our
high-speed camera; however, this phenomenon plays an important
role in, for example, nano- and microindentation and AFM micros-
copy.43,44 Next, when yneedle � 0 and t � 0:2ms, the needle pushes
the agarose gel down, starting the dynamic microindentation
process. Finally, the force applied by the needle against the agarose is
high enough to induce gel rupture, delivering ink effectively and
starting the injection process.

The maximum deformation measured was δmax ¼ 0:1062mm,
which corresponds to the applied force Frupture ¼ 3:3mN.
We compare this force with F0 as Frupture ¼ 3:3mN ¼
4Gδmaxrmax ¼ F0, where rmax ¼ rtipδmax=htip ¼ 0:042mm. We can
calculate the shear modulus G of the skin surrogate, which repre-
sents the hardness, rigidity, or stiffness of the material, obtaining
G ¼ 185mN=mm2 ¼ 185 kPa. This value matches the shear
modulus range, �[30�3000] kPa, reported in the literature for the
agarose concentrations used.45,46

B. Stationary injection

Stationary injections were performed to understand the deliv-
ery process without the influence of specific factors, such as the
needle injection angle, and translational speed with respect to the
skin surrogate. The injection process in the case of a new needle
holder loaded with PMU-black ink is shown in Fig. 4(a)
(Multimedia view). We observed that it takes over 50 injections for
the ink adhered to the needle surface to slide down and initiate the
delivery into the agarose; this instant is considered t ¼ 0. After
that, another 50 injections are needed to make a spot-width equiva-
lent to the needle diameter of 0.4 mm. Finally, around 100 injec-
tions later, the injection width reaches a threshold value of
�0:8mm. This plot shows that a unique injection is not always
enough to deliver a dose equivalent to the needle volume. Figure 4(b)
(Multimedia view) shows a high-resolution image sequence of the
agarose gel after four injections without ink. The deformation of
the agarose gel surface after only four injections is clearly visible.
Also, the gel is internally damaged, and a longitudinal hole of a
diameter �0:1mm remains after one injection. After the second
injection, a darker region inside the hole was observed, correspond-
ing to a small water drop that came out of the agarose gel.

FIG. 3. The viscosity η vs shear rate _γ of the liquid inks: red dyed water (blue
circles), red dyed glycerin–water 10% wt. (red squares), PMU-black ink (yellow
triangles), and PMU-red ink (purple diamonds).
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The injection process, from t ¼ 0, is compared for three of
the inks: PMU-black ink, glycerin–water mixture, and water. We
calculated the ratio between the injection depth L(t) and the
immersed needle length Lneedle and between the injection width
D(t) and the immersed needle diameter Dneedle [see Figs. 5(a)
and 5(b)]. The total needle length is around 2 mm, but the total
immersed needle into the agarose can vary in dependence of the
initial distance between the needle tip and the agarose surface,
mainly due to the agarose surface unevenness. We observe that
L(t)=Lneedle increases slower proportionally to the ink viscosity,
but after �40 injections, they all reach a threshold value
L=Lneedle ¼ 1.

In the case of D(t)=Dneedle, the spreading behavior is the oppo-
site; for the PMU ink, the change from zero to one is almost
instantaneous and continues to increase up to D=Dneedle ¼ 2 in
around 100 injections. For the aqueous solutions, D(t)=DNeedle satu-
rates very quickly to 1, and the water and glycerin–water curves are
almost indistinguishable [yellow diamonds and green squares
in Fig. 5(b)].

Assuming a circular conical injection shape, we estimate the
injected volume as

V(t) ¼ 1
3
π

D(t)
2

� �2

L(t) (2)

and plotted in Fig. 5(c). The image insets show the delivered
volume at the same time �1ms or the same injection number
�75. The V(t) for the PMU ink increases at least twice faster than
for the aqueous solutions, with volumes of �80 nl and �20 nl,
respectively, as expected from the L(t)=Lneedle and D(t)=Dneedle

plots.
The large differences in behavior are highly correlated with

the differences in viscosity. For the solid needle used, with diameter
Dneedle ¼ 0:4mm and an injection frequency and amplitude
fm ¼ 74Hz, am ¼ 1mm, the shear rate of the ink film wetting the
needle is

_γ ¼ vneedle
Dneedle

¼ am2πfm
Dneedle

¼ 1000
1
s
: (3)

This means that the viscosities of aqueous and the PMU inks differ
by two orders of magnitude (1mPa � s and 300mPa � s). The PMU
ink adheres better to the needle, making it necessary to clean the
needle in between experiments to prevent ink agglomeration.
Moreover, the images show that the residual—not injected—ink
accumulates in the surface, making the solid needle injection
method highly inefficient for low viscous inks. Furthermore, there
is a clear difference in the observed liquid adhesion onto the
needle when the viscosity increases from ηwater ¼ 0:9mPa � s to
ηglyc10% ¼ 1:2mPa � s. Figure 5(c) show this difference, where the
amount of ink remaining in the agarose surface is considerably
higher for pure water than glycerin–water mixture.

C. Moving injection

A qualitative characterization of conventional tattoo injection
processes was performed by moving the translation stage at 2 mm/s
orthogonal to the hand-piece. A total of 50 injections, correspond-
ing to t�700ms, were studied. Figure 6 (Multimedia view) shows a
characteristic image sequence of the injection processes with
different inks: (a) PMU-black ink, (b) glycerin–water mixture, and
(c) water. That PMU ink has a much smaller spreading into the
agarose gel, which we attribute to the several ingredients providing
cohesion (not present in glycerin–water mixture and water). In the
case of the PMU inks, the surrogate saturation is faster and the ink
oozes out on top of the agarose surface. This behavior is expected
because the agarose gel is mainly composed of water, therefore the
larger spread of the in-house prepared aqueous inks. Additionally,
a residual volume of PMU ink remains adhered to the needle
during the whole injection process. Pigment particles provide the
higher viscosity and density of PMU inks, higher adhesion to the
needle, and limit the spreading into the agarose. The tailored prop-
erties of PMU ink that facilitate the drying process in tattooing
practice cause agglomeration and particle adhesion to surfaces
further discussed in Sec. II C.

FIG. 4. (a) Injected-ink, D(t), vs injection number. A clean needle holder is
loaded with PMU-black ink delivering ink into the agarose after �60 injections;
this moment is considered t ¼ 0 (dashed line). Around 100 injections later, the
injection width reaches a threshold value �0:8 mm. Every image shows the
injection at the time corresponding to the red point. (b) High-resolution images
show the skin surrogate agarose gel after 4 injections. The continuous deforma-
tion of the agarose gel surface is observed after each frame. A longitudinal hole
of a diameter �0:1 mm remains in the agarose gel after every injection.
Multimedia views: https://doi.org/10.1063/1.5074176.1; https://doi.org/10.1063/1.
5074176.2
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Photographs of the injected skin surrogate were taken immedi-
ately after the moving injection experiment using a compact digital
camera (Nikon Coolpix A100). The agarose gel was cleaned before
the imaging with a professional cleansing tonic (LaBina Aloe Vera
tonic, PERMANENT-Line), in order to observe the postinjection
result at the front and bottom, as shown in Fig. 7 for PMU-red ink,
PMU-black ink, glycerin–water mixture, and water. For the PMU
inks, a well defined path is visible in the front and bottom views.
Due to its fast diffusion, the path made with glycerin-dyed water
solutions is no longer visible. However, we observed that the glyc-
erin–water mixture presents less spread than pure water [see Fig. 6
(Multimedia view)], in agreement with our observations in Sec. III B.
The bottom view shows an asymmetrical spread around the needle,
with a pattern depending on the microcharacteristics of the agarose
gel, i.e., its porosity and other inhomogeneities.

Figure 7(e) shows the intensity of the injection path, as
observed in the mirror, and averaged in the x direction, with corre-
sponding zoom-in at the mirrors on the right. Two well defined
peaks for the PMU inks are observed in the plot. The PMU-red
peak is wider than the PMU-black, because the red ink is one order
of magnitude more viscous; hence, the ink attaches better to the
needle. The aqueous inks spread completely in the agarose,
showing a homogeneous average intensity. However, the glycerin–
water mixture has a higher intensity, indicating that more ink has
been delivered into the agarose.

IV. NEEDLE-FREE INJECTION METHOD

The needle-free injector creates liquid microjets with a tip
diameter Djet�50 μm and total ejected volumes of ca. 50 nl.

FIG. 5. (a) Injection depth and immersed needle length ratio L(t)=Lneedle, (b) injection width and immersed needle diameter ratio D(t)=Dneedle, and (c) delivered volume
V (t) for three inks: PMU-black ink, glycerin–water mixture, and water. The insets show the delivered dose at the same time �1ms and/or the same injection number �75.
The efficiency in volume delivery of PMU ink corresponds to the specific tailored properties for injection not present in the other formulations.

FIG. 6. Image sequences of the moving injection process for three inks: (a)
PMU-black ink, (b) glycerin–water mixture, and (c) water. The solid needle injec-
tor is initiated and the agarose gel is moving at 2 mm/s, from right to left. The
spreading of the ink into the agarose is faster and wider for aqueous solutions
than the PMU ink, which has a viscosity 200 times higher. Multimedia views:
https://doi.org/10.1063/1.5074176.3; https://doi.org/10.1063/1.5074176.4; https://
doi.org/10.1063/1.5074176.5
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Around 100% of the liquid is delivered into the agarose for jet
speeds larger than �40m=s, with no splash-back of liquid due to
the sufficient kinetic energy of the jets. Figure 8(a) (Multimedia
view) shows image sequences of two successive water jets entering
the agarose at the same point, both with a speed of 40 m/s before
impact. The depths reached by both injections are plotted against
time in Fig. 8(b) (Multimedia view). In the first injection, the jet
speed drops to 16 m/s, with a decrease of 85% in the jet kinetic
energy, and penetrate 1 mm into the agarose. The first jet opens a
hole into the skin surrogate, and subsequent jets follows through
into a micrometric longitudinal orifice. Therefore, the second
microjet terminal velocity reaches 20 m/s, with a kinetic energy
decrease of 75%, penetrating 40% deeper into the agarose.

Experiments with glycerin–water mixture were performed in
order to compare the jet injection process with the solid needle
injection method (Sec. III). The shear rate experienced by the
liquid jets is at least two orders of magnitude higher than that pro-
vided by the solid needle injector. An image sequence of a single
injection with microjet speed vjet�25m=s, _γ ¼ 5� 105 1=s, for
pure water and glycerin–water mixture is shown in Fig. 9(a). The
differences observed in the agarose color and texture are an optical
effect due to small illumination differences. It can be observed that,

despite having the same initial jet velocities, water jets penetrate
deeper than glycerin jets. The corresponding complete penetration
events are plotted in Fig. 9(b).

We observed that inertial effects are more relevant in the early
stages of jetting and penetration, while viscous dissipation gains
prominence toward the end-point injection. The penetration speed
of both jets right after entering the agarose drops to a comparable
speed, 8 m/s and 7 m/s, respectively. Afterwards, during jet deceler-
ation, water jets penetrate much deeper than glycerin–water jets
(120% increase) due to the differences in the liquid viscosities of
25% (ηwater ¼ 0:9mPa � s and ηglyc10% ¼ 1:2mPa � s). Though not
visible in these figures, water jets spread (laterally) faster into the
agarose gel, while the spread area of glycerin jets remains almost
the same after each injection.

FIG. 7. Side and bottom view of postinjection skin surrogate for (a) PMU-red,
(b) PMU-black, (c) glycerin–water mixture, and (d) water inks. The insets show
a zoom-in of the injection path observed in the mirror (bottom view). (e) The
average intensity of the injected path observed in the mirror is plotted, next to it,
a schematic of the skin surrogate postinjection.

FIG. 8. (a) Two consecutive injections for pure water, with a jet speed of
40 m/s. The red-dashed line corresponds to the agarose gel surface. The first
jet opens a hole into the skin surrogate, and the cumulated ink is visible into the
gel. With the second injection, the total injected volume and depth increase.
(b) Penetration depth vs time for the two continuous injections. Before the micro-
jet reaches the agarose surface, both jets have a speed of 40 m/s; with the
impact, the first injection drops its speed to 16 m/s, while the second injection to
20 m/s, penetrating around 40% deeper into the agarose. Multimedia views:
https://doi.org/10.1063/1.5074176.6; https://doi.org/10.1063/1.5074176.7
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In contrast with the solid needle injector, no damage was
observed on the agarose surface after multiple injections recorded
with an image resolution of 150 pixels per millimeter. Moreover,
the agarose shows a capacity of self-recovery as the path created by
the microjet closes and encapsulates the injected ink; see Fig. 8(a)
(Multimedia view, first image, second injection).

The use of PMU inks in the needle-free microjet injector
was an experimental challenge. First, visualization is limited
because of light absorption by the pigments that impeded the
observation of thermocavitation. Second, after one or two laser
shots, the residual ink and particles agglomerate in an unfore-
seeable manner, limiting the reproducibility of the experiments
(see Fig. 10).

V. COMPARISON OF INJECTION METHODS

The fact that no solid object is needed to rupture the surrogate
with the needle-free microjet injector is a clear advantage in practi-
cal terms. To make a fair comparison, the agarose gel surface
rupture and damage, the spreading of the ink, among other

observations are detailed in this section. The values calculated for
all inks and both injection methods are presented in Table I, using
the results in Fig. 5, for the solid needle, and Figs. 8 and 9, for the
needle-free microjet.

The electric energy supplied to the injectors is calculated as
E ¼ P � t. The solid needle injector input power is P ¼ 7W, and
the time of a single injection is t ¼ 1=70 s, with a consumed energy
E ¼ 100mJ. The needle-free microjet injector input power corre-
sponds to the laser power Plaser ¼ 0:5W and the corresponding
time needed for the liquid to cavitate t ¼ 1ms, corresponding to
E ¼ 5mJ. The kinetic energy transferred from the liquid to the
skin is calculated as K ¼ 1=2mv2, where the speed for the solid
needle is vSN ¼ am2πfm and for the jet is vjet. Therefore, the injec-
tion efficiency in terms of energy per injection is calculated as
ϵenergy ¼ K=E � 100%. We have calculated that the needle-free
microjet injector has a ϵenergy three orders of magnitude higher
than the solid injector (Table I, sixth column).

The liquid volume deposited by the solid needle injector in
each injection was estimated as the thickness of the liquid film
around the needle tip,

δ ¼ c
ηv
ρg

� �1=2

, (4)

where η is the liquid viscosity, ρ the liquid density, v the flow veloc-
ity, and g the gravitational acceleration. This equation assumes that
the flow velocity corresponds to the needle velocity and that the
surface tension role is negligible.47,48 The constant c is taken as 0.8,
which is a standard value for most Newtonian fluids. The ink
volume around the needle is estimated as the volume of a hollow
cylinder with the inner radius as the needle radius rinner ¼
Dneedle=2 and outer radius router ¼ Dneedle=2þ δ.

With the injection efficiency in terms of volume injected
per injection event, we calculate it as the ratio between the
deposited (solid needle) or ejected (needle-free microjet injector)
volume V0 and the volume remaining inside the agarose
gel. For the former case, this is defined as the moment
in which the solid needle retracts and the latter is after the
hole in the agarose closes. This efficiency is represented as

FIG. 9. (a) Image sequence of a single injection for pure water and glycerin–
water mixture. In both cases, the microjet speed is vjet�25m=s and the skin
surrogate is agarose gel 1% wt. of concentration. (b) Penetration depth vs time
for the two injections. The pure water ink is able to penetrate 120% deeper than
the glycerin–water mixture.

FIG. 10. Image of microdevices before being used (a), after a single laser shot
using PMU-black ink (b), and red colored water (c). Notice the difference
between residual particles adhered to the inner walls of (b) and that the channel
in (c) was refilled automatically without residues.
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ϵvol ¼ Vinj=V0 � 100%. For the solid needle, the efficiency
increases with each new injection because of the remaining ink
adhered to the needle from prior injections. There is, however,
excess of liquid on the top of the agarose gel that does not pen-
etrate at all and contributes to the well known ink loss of 50%
in tattooing and permanent makeup procedures.49,50 To our sur-
prise, the ϵvol of the needle-free microjet injector is five orders
of magnitude larger for the solid needle.

In order to quantify the skin rupture and penetration charac-
teristics, we compare the local stress induced by the solid needle
and the jet impact, with a material-dependent critical local stress as
proposed before.19 We define a new quantity, the penetration
strength S, as the ratio between the injection pressure p and the
skin surrogate shear modulus G ¼ 185 kPa calculated in Sec. III A.
In the case of the solid needle, the injection pressure was calculated
as the ratio between the rupture force Frupture and the needle cross-
sectional area,

p#1
needle ¼

Frupture
Aneedle

¼ Frupture
πr2max

, (5)

where rmax ¼ 0:042mm is the radius of the immersed needle
volume at the maximum deformation of the skin surrogate (see
Sec. III A). The pressure exerted by the jet onto the skin is
pjet ¼ 1

2 ρv
2
jet, where ρ is the density of the liquid and vjet the jet

speed.19

The penetration depth L and diameter D in the latest stages or
end-point of injection—after 50 injections for the solid needle and
after two injections for the needle-free injectors—show two inter-
esting results. First, that with only two jets is possible to reach the
same depth as with solid needles. Second, that the injection resolu-
tion in spreading value (D), which corresponds to the practical
level of detail in tattooing, is half for the jet injections. The current
experimental setup for jet injections did not allow the same repro-
ducibility of conditions to reach larger number of injections.
Contrary to the solid needle injections, each new jet carries a
slightly higher velocity because of the reduction in liquid inside the
microfluidic chamber. In future studies, new microfluidic device
designs should ensure that all jets in a sequence are ejected with
the same velocity and total volume.

VI. CONCLUSIONS

We consider that this study will advance the knowledge of
injection processes into soft substrates based on solid needles and
needle-free microjet injectors. Our novel needle-free microjet injec-
tor employing thermocavitation is still in early development
phases; however, the results indicate that the injection outcomes
are superior to solid needle injectors in several aspects. Further
work is required, particularly aimed at increasing the repeatability,
frequency of injections, and overcoming challenges related to the
use of commercial inks with unknown ingredients. An interesting
separate study would be to test the injectors compared in this work
on real skin samples, both in vitro and in vivo. Our results indicate
the following:

• The power consumption of needle-free jet injections, 0.5W, is an
order of magnitude lower than the solid injector (7W). This has
practical relevance in applications where the portability of injec-
tor devices is limited by the need of incorporating heavy
batteries.

• The calculated penetration strength S reflects the propor-
tional final damaged state of the skin surrogate. Values of S
slightly above unity ( jet injections) seem to correspond to an
effective penetration with minimal damage, in contrast with
irreversible skin surrogate deformations when S�10 (solid
needle).

• The damage to the gel during the moving injections indicates
that needle-free microjet injectors could have a less negative
effect injecting into skin than solid needles. In real-life condi-
tions, the displacement velocity and pressure applied with a
hand-piece can fluctuate and damage the skin due to the solid
needle hardness.

• The injection spreading increases with decreasing ink viscosity.
However, the volume and energy efficiencies seem to increase
proportionally to the viscosity of inks.

• The injection efficiencies, ϵenergy and ϵvol, are higher for the
needle-free microjet injector, with comparable end-point injec-
tions. The needle-free microjet injector in a single injection
reaches penetration depths and widths comparable to �50 injec-
tions with a solid needle. Even though multiple injections were
not possible with the current needle-free microjet injector, the
higher efficiency values demonstrate the superiority over the

TABLE I. Comparison between the solid needle and needle-free microjet methods. S is the strength ratio between the injection pressure p and the skin surrogate shear
modulus G ¼ 185 kPa obtained in Sec. III A. In the case of the solid needle, the penetration depth L, width D, and volume V are quantified for a single injection and for the
end point.

#1 injection End point

Method Ink p (kPa) S ¼ p=G K (μJ) ϵenergy % V0 (nl) L (mm) D (mm) ϵvol % L (mm) D (mm)

Solid needle PMU-black 2400 13 0.042 4:2� 10�5 424 0.047 0.129 0.005
P50
i¼1

¼ 1:5 0.8
Glycerin–water 0.033 3:3� 10�5 338 0.154 0.021 0.004 0.4

Water 0.027 2:7� 10�5 283 0.197 0.019 0.004 0.4
Needle-free microjet Glycerin–water 313 1.69 2.85 5:7� 10�2 8.9 0.450 0.192 88.1 … …

Water 800 4.32 16.16 8.1 20.2 1.2 0.205 75.3
P2
i¼1

¼ 1:65 0.205
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older solid needle method. For needle-free microjet injectors to
compete with established injection methods in real-life scenarios,
however, future designs should give multiple and reproducible
injections, e.g., with multiple nozzles or microfluidic geometries
ensuring self-refill of ink after each jet. To avoid the problems of
particle occlusion of the microchannels, separate studies could
focus on having a special surface functionalization of the inner
walls of the channel. Similarly, inks could be developed with spe-
cific particle size distributions and surface properties as to avoid
clogging.

In short, needle-free microjet injections hold potential to mitigate
health problems associated with needle-based injections and avoid
technical limitations of solid needle injections in medical treat-
ments, e.g., vaccines, scar camouflaging, alopecia, etc. The reduc-
tion of environmental contamination with needle-free injections
could be immense, while benefiting millions of people using
needles for medical and cosmetic uses. With a long list of chal-
lenges ahead, we believe there will be a time, not far from now,
when needle-free microjet injectors will be reliable, safer, and effi-
cient liquid delivery platforms, and where needles will not be that
much needed.
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APPENDIX A: NEEDLE DISPLACEMENT

The needle tip position was obtained and plotted with respect
to time, as shown in Fig. 11(a). During the first �0:15 s, the needle
vertical displacement yneedle is the same for every nominal fre-
quency. A slow oscillation is followed by a cyclical displacement
with constant frequency f0 ¼ 122+ 1Hz and measured amplitude
am ¼ 1:018+ 0:006mm. After this time, t * 0:15 s, the measured
frequency fm reaches a stable value directly correlated to fn. In
Fig. 11(b), we plot the power spectral density of yneedle at t . 0:15 s
for the 3 cases shown in Fig. 11(a); the position of the first
peak corresponds to the measured frequency fm. In Fig. 11(c), we
plot fm vs fn for all the experiments giving a linear relation
fm ¼ 0:5fn þ 42.

APPENDIX B: MICROFLUIDIC DEVICE DETAILS

Boroflat glass wafers were micromachined using wet-etching
in hydrogen fluoride solutions. The micromachined design of the
channel on two wafers defines the chamber that contains the liquid
after attaching them together with anodic bonding. The bonded
wafers were diced into individual microfluidic devices of

10� 8mm2. The channel inlet (400 μm depth) connects to a circu-
lar container (100 μm depth), followed by a meandering channel as
a fluid resistor. The bubbles are created in a chamber (100 μm
depth), and the liquid is rushed onto an exit channel with length
500 μm. The liquid inlet was connected to a 250 μl Hamilton®
GASTIGHT® syringe through a glass capillary tube with a 360 μm
inner diameter, using a microfluidic fitting and Upchurch connec-
tors. The syringe was controlled with a Harvard Syringe pump to
ensure reproducibility of the liquid meniscus position before
turning on the laser.

FIG. 11. (a) Vertical position of the needle tip vs time, for nominal frequencies
fn ¼ 50 Hz, 70 Hz, and 90 Hz. During the first �0:15 s, the needle oscillations
are the same in all cases. A slow oscillation is followed by a frequency
f0�eq122 Hz, after which a stable measured frequency fm is reached in corre-
spondence with the different nominal frequencies. (b) The power spectral
density of the needle y-position for t0:15 s is plotted, for nominal frequencies
fn ¼ 50 Hz, 100 Hz, and 150 Hz. The first peak corresponds to the measured
frequency fm. (c) The measured frequency fm vs the nominal frequency fn is
also plotted. The fitted curve is represented by the dashed line and shows a
linear dependence fm / 1=2fm.
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APPENDIX C: CONICAL INDENTER DETAILS

The indenter (solid needle in our case) is impressed into the
surface of the agarose gel using a known applied force, as shown in
Fig. 12(a).

During the early stages of indentation (t � 1ms), the water in
the agarose gel does not have sufficient time to flow away, and the
gel behaves as an incompressible elastic solid. The instantaneous
force F0 correlates with the shear modulus G of the gel51 as

F0 ¼ 4Grδ, (C1)

where δ corresponds to the indenter tip position with respect
to the gel surface and r is the radius of the immersed
indenter volume, as shown in Fig. 12(a). After this time, the
solvent can flow away and the agarose gel starts to relax, the
force reaches a threshold value F1, and the gel behaves as a
compressible elastic solid. The qualitative force behavior is
plotted in Fig. 12(b).

The maximum deformation δ caused by the needle tip dis-
placement is plotted in Fig. 13(b), blue dots. The expected needle
position without the agarose gel yneedle is taken from the calibra-
tion process described in Sec. II A, green line. As we expected,

δ and yneedle are in perfect agreement, which means that the force
exerted by the agarose gel is negligible compared to that exerted
by the injector, meaning that the needle displacement is not
affected by the gel.
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