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Hypothesis: Needle-free injections using microfluidic jets could be optimized by reducing splashing and
controlling injection depth. However, this is impeded by an incomplete understanding on how jet char-
acteristics influence impact outcome. We hypothesise that exploring the relation between microfluidic
jet characteristics and substrate shear modulus on impact behavior will assist in predicting and giving
insights on the impact outcome on skin and injection endpoints.
Experiments: To do so, a setup using microfluidic chips, at varying laser powers and stand-off distances,
was used to create thermocavitation generated microfluidic jets with ranging characteristics (velocity: 7–
77 m/s, diameter: 35–120 lm, Weber-number: 40–4000), which were impacted on substrates with dif-
ferent shear modulus.
Findings: Seven impact regimes were found, depending on jet Weber-number and substrate shear mod-
ulus, and we identified three thresholds: i) spreading/splashing threshold, ii) dimple formation threshold,
and iii) plastic/elastic deformation threshold. The regimes show similarity to skin impact, although the
opacity of skin complicated determining the threshold values. Additionally, we found that jet velocity
has a higher predictive value for injection depth compared to the Weber-number, and consequently,
the jet-diameter. Our findings provide fundamental knowledge on the interaction between microfluidic
jets and substrates, and are relevant for optimizing needle-free injections.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Solid needle injections have inherent drawbacks despite their
wide use and effectiveness in medical and cosmetic procedures.
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Worldwide, 16 billion needles are disposed yearly [1], with an
additional 12 billion due to the COVID-19 vaccinations [2], creating
an environmental burden in terms of material usage and waste
[3,4]. Needles pose infection risks upon sticking incidents [5] and
re-use, the latter being estimated to cause over 500 million deaths
yearly [6]. Additionally, injections cause pain, and fear is experi-
enced by 22% of the adult population [7]. This fear may result in
avoidance of treatment [8,9], thereby decreasing the effectiveness
of vaccination programs [10]. To address these issues, alternatives
to conventional injections are being developed, such as liquid jet
injections. Liquid jets can be made by accelerating fluids with var-
ious mechanisms [11–13]. Most commercialized injectors can only
perform injections at a minimum depth of � 1 mm, and are asso-
ciated with pain and bruising, limiting their appeal in replacing
needles [14,15].

Controlled, superficial, jet injections into the epidermis may
result in reduced tissue damage, causing less bruising and pain
compared to the current alternatives [16–19]. Moreover, control
over injection depth could improve the pharmacokinetics of vari-
ous therapeutics. For example, vaccines delivered within the epi-
dermis require five to ten times less dosing due to the
abundance of specialized immune cells [20,21]. Also, dermal insu-
lin injections are reported to be more efficient compared to tradi-
tional subcutaneous delivery [22].

The relation between jet characteristics and injection depth in
the skin must be understood to enable controlled injections. Corre-
lating input parameters with the injection depth can be challeng-
ing as skin is a highly complex, multilayered tissue [23]. The
mechanical response of skin is dependent on measurement type,
leading to reported skin stiffness values ranging from 20 kPa – 1
GPa [24,25]. Additionally, the skin layers contribute differently to
the mechanical behavior, with the stratum corneum and epidermis
reported to be significantly stiffer compared to the dermis [24,26].
Nevertheless, an average lower limit of 20 kPa is often used refer-
ence [27,26]. Additionally, skin’s poro-viscoelastic behavior causes
a portion of the injected liquid to be ejected during, or after, injec-
tion, due to the elastic recovery of the material (squeeze-out) [28–
31].

Multiple papers show how jet parameters relate to injection
depth [15,28,32,33], dispersion of injected liquid within the sub-
strate[28,33–35], and delivery efficiency [17,28,33]. However, a
detailed study of the impact behavior, especially the break-up of
a jet upon impact (splashing) and squeeze-out, at the microscale
is lacking. Splashing and squeeze-out should be prevented or
reduced, as both decrease delivery efficiency, and pose infection
risks in extreme cases [36,37]. Preventing or reducing splashing
requires knowledge about microfluidic jet impact behavior and
how this relates to jet break-up. Droplet splashing has been exten-
sively characterized [38–48], and it has been shown to depend on
the substrate, liquid characteristics, and ambient pressure
[38,39,49,50]. Furthermore, it is known that microscale droplets
show different impact behavior compared to macroscale droplets,
as the rim of liquid formed after the impact becomes comparable
to the mean free path of air molecules [51–53]. In contrast to dro-
plet splashing, studies on jet impact and splashing are limited, and
reported values for the splashing threshold vary widely [54,55].
Furthermore, few studies have explored the splashing dynamics
for substrates with different storage moduli [56,30,57], and it
remains unknown how microscale jet behavior compares to
macroscale jets.

Therefore, in this paper, we study microfluidic jet impact and
injection behavior onto a range of substrate stiffness to gain funda-
mental knowledge on fluid dynamics and soft matter response.
This knowledge can assist in optimizing controlled needle-free
injections by controlling injection depth, and reducing splashing
and squeeze-out. Furthermore, we make a qualitative comparison
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between observed phenomena on the impact on skin and the
impact on agarose gels and glass.

2. Materials and methodology

2.1. Methodology

A continuous wave (CW) laser setup was employed to perform
controlled injections with microfluidic jets using thermocavitation.
A vapor bubble is created upon CW laser beam exposure at the
glass-liquid interface due to the conversion of laser energy to heat
[58,59]. The bubble expands and pushes the liquid out of the chip
as a liquid jet. The process is depicted in Fig. 1. By changing the
channel design, the channel filling level, the input laser power,
laser pulse duration, and distance from the laser focal point to
the base of the chip, jets with varying characteristics can be
obtained [18,27]. Three channel designs were used to generate jets
with ranging properties. Chip1 generates low velocity jets (7–
37 m/s) due to the lack of a tapered nozzle [18,60,27]. The tapering
is present on chip2 resulting in higher velocities (17–67 m/s)
[18,60,61]. Additionally, chip3 increases the maximum jet speed
(77 m/s) due to the curved channel wall [18]. (see Table 1).

2.2. Experimental setup

The experimental setup consists of a glass microfluidic chip
filled with a water-dye solution and a CW laser diode (k =
450 nm) focused on the glass-liquid interface using a 10x objective
(Olympus) (see Fig. 1). An Arduino controller sets the laser pulse
duration (10–30 ms) [18]. The chips were designed and fabricated
from MEMPax Borofloat glass wafers (Schott) under cleanroom
conditions [27]. The chips are aligned with the substrates at a
stand-off distance of Xs = 2 mm. Xs is defined as the space in-
between the nozzle and substrate surface, as illustrated in Fig. 1.
To exclude any influence of Xs on impact outcome it is kept con-
stant across experiments. The substrates used and relevant proper-
ties are shown Table 2, details on substrate preparation and
characterization can be found at the Supplemental subsection:
Agarose gel characterization. A red dye (Direct Red 81, Sigma,
CAS: 2610–119) was dissolved at 0.5 wt% in deionized water
(dH2O) to maximize the laser energy absorption of the liquid. The
solution had a density, q = 1000 kg=m3; viscosity, g = 0.91 mPaS;
and surface tension, r = 47mN/m, as determined at 22�C and
described elsewhere [18]. Due to the absorption coefficient
(a ¼ 100cm�1) [18] and cavitation times (20 ms) of our system,
the liquid properties of the jet are not affected by heating [62],
as further explained in supplemental subsection: Jet liquid
properties.

Nucleation, jetting, impact and injection events are imaged
using a high-speed camera (Photron FASTCAM SA-X2) with a
mounted Navitar (12x Ultra Zoom) at 2x magnification captured
at 1.8� 105 or 1.2� 105 frames per second (fps), and backlight illu-
minated using a SCHOTT light source (CV-LS series) with flexible
light guide. The field of view was either 640 � 128 or 768 � 64 pix-
els with a pixel size of 10 lm. A mounted long pass 495 nm filter
(Thorlabs, FGL495M) was used to avoid over saturation from the
laser light. By performing image analysis of the high-speed images
Vjet (travelled distance over time), Djet (width of jet-tip prior to
impact) and impact duration (defined as the time between the
start and end of jet impact) are measured.

3. Results and discussion

The large range of jets showed distinct impacting behavior
depending on jet and substrate characteristics. We observed seven



Fig. 1. Left) Depiction of setup for angular movies (for side shots the camera is perpendicular to the chip). The CW laser is focused on the base of the chip chamber (A), and
heats the liquid inside the chamber, generating an expanding bubble (B). This bubble pushes the liquid in front of it and generates a microfluidic jet (B - C). The jet impacts the
substrate surface (C), and injects if the impact velocity is larger than the threshold value (D). Afterwards, the formed cavity contracts (E). Right) High speed camera snapshots
of a jetting and impact event. Snapshots 1–5 correspond to illustrations A-E.

Table 1
An overview of the dimensions and characteristics of the used chips (channel length, used channel filling levels, channel taper angle, orifice width and channel wall shape) and
corresponding jet characteristics: diameter (Djet), velocity (Vjet) and Weber number (Wejet).

Chip Channel length Filling levels Taper angle Orifice width Channel wall Djet Vjet Wejet

1 1.9 mm 0.4–1.9 mm 7.5 50 lm Flat 45–130 lm 7–37 m/s 70–2500
2 1.9 mm 0.9–1.9 mm 7.5 50 lm Flat 40–110 lm 17–67 m/s 1200–4000
3 2.1 mm 0.7–1.9 mm x 500 lm Curved 35–100 lm 21–77 m/s 1600–4000

Table 2
Overview of the used test substrates (Borosilicate glass, and 2%, 1%, 0.5%, 0.25%,
0.125% agarose) and relevant characteristics: the Young’s modulus and the Poisson’s
ratio that was used to calculate the shear modulus.

Substrate E t G

Glass 62.7 GPa 0.196 26.2 GPa
2% agarose 195.1 kPa 0.5 65 kPa
1% agarose 43.3 kPa 0.5 14 kPa
0.5% agarose 10.6 kPa 0.5 3.5 kPa
0.25% agarose 2.4 kPa 0.5 0.8 kPa
0.125% agarose 0.6 kPa 0.5 0.2 kPa
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regimes, and characterized them in terms of the Weber-number of
the impacting jet (Wejet) and substrate G. AsWejet describes the rel-
ative contribution of the fluid’s inertia compared to the surface
tension, it is often used to determine splashing thresholds of
impacting liquids [38–40,54].

For these studies Wejet is defined as:

Wejet ¼
ðqV2

jetDjetÞ
r ð1Þ

where q is the fluid density, Vjet is the jet velocity, Djet is the jet
diameter, and r is the surface tension. In these experiments, both
q and r are constant, so Wejet is a function of Vjet and Djet .

First, the seven regimes will be reviewed using illustrations for
a clearer overview of the most important observations. More
detailed figures composed of snapshots are provided, and movies
of all regimes are found in the Supplementary Materials. Next, all
regimes are combined into a regime map, and the the relation
betweenWejet and substrate G is discussed. For epidermal delivery,
1% and 2% agarose are most representative to bulk-skin stiffness
(� 20 kPa) [24,27,26]. Additionally, studying impact on glass slides
and lower agarose concentrations serves the purpose of exploring
fundamental fluid dynamics and gaining insights on the splashing
mechanisms. Finally, we review how the jet velocity and substrate
stiffness relate to injection depth.
551
3.1. Regime 1: Jet spreading

In this regime, the jet spreads radially on the surface upon
impact without splashing or deforming the substrate. Found for
impact on glass (G = 26 GPa, Wejet < 1150) and 2% agarose (G
= 65 kPa, Wejet <1290), depicted in Fig. 2, top, and Supplementary
Fig. 2). Impact duration depends on ejected volume, Djet and Vjet ,
and lasts for 500 ls on average. The jet spreads on the surface upon
impact, creating a smooth film that spreads radially over the sur-
face and flows with wave formation. This is comparable to the
deposition behavior described for droplets and macro-scale jets
impacting solids [54,63]. As impact progresses, the amplitude of
the waves increases and lamella formation is seen, sometimes to
the point where asymmetric fingering edge formation can be seen,
but no secondary droplets detach from the expanding liquid sheet.
Asymmetric fingering is observed due to the chain oscillations [64],
and intrinsic asymmetry of the impacting jet. This fingering behav-
ior shows similarities to the fingering and subsequent droplet
break-up reported for skating thin films on solid surfaces [65]. At
the end of impact the film flow shows a decrease in frequency
and amplitude of waves.
3.2. Regime 2: Jet splashing

Here, the jet splashes after it impacts the surface and no sub-
strate deformation is seen. Found for impact on glass (G = 26
GPa, Wejet >1340) and 2% agarose (G = 65 kPa, Wejet >1390),
and illustrated in Fig. 2, middle. Almost directly upon impact
(Fig. 3, top), outward splashing is seen. At Wejet < 3500, liquid-
film expansion occurs similarly to what has been described for
Regime 1 (Fig. 3, bottom), whereas at Wejet > 3500 fingering and
subsequent droplet release is seen. This indicates that for
Wejet > 3500 the jet-tail has sufficient inertia to create secondary
splashing within the liquid pool formed by the jet after impact,
while jets impacting at Wejet < 3500 lack inertia, causing only out-
ward splashing upon impact. In accordance with the findings of



Fig. 2. Diagrams showing elastic substrate deformation regimes. Regime 1) Jet
spreading: the jet impacts the substrate without visible deformation. The jet
spreads and forms a pool without splashing. This regime is observed for G = 26 GPa,
Wejet <1150 and G = 65 kPa, Wejet <1290. Regime 2) Jet splashing: the liquid jet
impacts the surface and is not deformed, the jet splashes. Observed for: G = 26 GPa,
Wejet >1340 and G = 65 kPa,Wejet >1390. Regime 3) Surface defeat: the jet impacts,
creates a dimple in the surface and splashes at an angle corresponding to the dimple
geometry. Observed for: G = 65 kPa, Wejet >3335; G = 14 kPa, Wejet = 400–1970; G
= 3.5 kPa, Wejet <1060 and G = 0.8 kPa, Wejet <170. Supplementary Movies 1–3
show examples of the corresponding regimes.

Fig. 3. Top) Jet double splashing upon glass. The jet splashes upon impact (t = 11
ls), and during impact a lamella forms (72 ls, red arrow), which starts to break-up
(t = 83 ls, big red circle) and shows fingering (t = 89 ls, red arrow) resulting into
secondary droplet release (139 ls, red circle). Wejet = 290 (Vjet = 16 m/s, Djet = 55
lm). Supplementary Movie 4.1 shows the full event. Bottom) Jet single splashing.
The jet splashes upon impact (t = 17 ls). During further impact lamella formation is
seen (t = 106 ls, red arrow), which may cause some instabilities (t = 122 ls, red
arrow) but does not result in secondary droplet release. Wejet = 130 (Vjet = 11 m/s,
Djet = 50 lm). See Supplementary Movie 4.2.
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Howland et al., outward splashing occurred at lower Wejet for
impact on glass as compared to agarose [40].
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Splashing, the lamella formation and subsequent fingering can
be described as follows. As the spreading front of the liquid rim
advances, a lubrication force from the surrounding gas pushes
the lamella upwards. If the lubrication force is larger than the sur-
face tension the lamella will break up into secondary droplets [66].
Therefore the mean free path of the gas molecules (k), the lamella
thickness and speed determine the splashing phenomena.

For the splashing to happen, the lamella lift velocity has to be
large enough to avoid the liquid to contact the solid again. Thus,
the droplet will not splash if the rim diameter of the lamella
increases faster than the lamella lifts from the substrate [53]. Thus,
if the rim diameter of the lamella increases faster than the lamella
lifts from the substrate, the droplet will not splash. Likewise, for
micro-droplet impacts, the lamella thickness is in the order of
magnitude of k, making the airlift force negligible [51]. The thresh-
old for inhibiting splashing was reported to be
Wek ¼ qkV2=rP 0:5, where k ¼ 6:9� 10�5 m is the mean free
path of the air at atmospheric pressure [51]. Qian et al. reported
a jet splashing regime at Wejet = 617 (Djet = 6 mm) [54], almost
twice as low compared to our findings (Wejet = 1340). In contrast,
Trainer et al. saw splashing of jets (Djet = 3 mm) above Wejet=
1500 [67], closer to our findings. Therefore, we interpret that the
low splashing threshold found by Qian et al. is due to the distur-
bances observed in the jets that lead to break-up [54].

3.3. Regime 3: Surface defeat

First, the jet splashes upon impact after which the impact cre-
ates elastic deformation in the surface and splashes at an angle cor-
responding to the deformation geometry. This regime is seen for
impact on 2% agarose (G = 65 kPa, Wejet >3335), 1% agarose (G
= 14 kPa, Wejet = 400–1970), 0.5% agarose (G = 3.5 kPa,
Wejet <1060) and 0.25% agarose (G = 0.8 kPa, Wejet <170) and
illustrated in Fig. 4, bottom. In detail, the jet splashes upon impact
(t = 0 ls), as seen in regime 2, and subsequently creates a dimple
in the substrate, followed by a secondary splash reaching heights >
750 lm. Uth et al. reported a similar situation for macro-jet (Djet =
2 mm) impact on ceramics and gels [68], where the secondary
splash is caused by back-flow. Indeed, upon impact, the jet creates
a dimple with a depth � 0.5 times Djet , and flows back as it lacks
force to further deform the surface. Additionally, the dimple geom-
etry defines the back-flow angle, as reported earlier [68]. However,
due to lack of resolution it is out of scope for these studies to give
an exact relation. Finally, as impact progresses (t � 400 ls), the
dimple shrinks and disappears, while the final part of the jet
impacts without splashing or injection.

3.4. Regime 4: Splash, injection and squeeze-out

Here, the jet splashes upon impacting the surface and injects
into the substrate. However, once elastic recovery occurs, a portion
of the injected liquid is squeezed-out of the substrate. This regime
was found for 1% agarose (G = 14 kPa,Wejet < 2145), 0.5% agarose
(G = 3.5 kPa, Wejet= 1240–3050) and 0.25% agarose (G = 0.8 kPa,
Wejet <2145) and is depicted in Fig. 4, top. First, an initial dimple
forms, followed by splashing that reaches heights of � 750 lm),
with an angle determined by the geometry of the dimple. As jet
impact continues (t � 200 ls), the dimple deepens and the sub-
strate surface yields, causing the jet to penetrate further into the
substrate while the splashing ceases. Uth et al. also found a
decrease in splashing height along the injection duration [68].

Towards the end of the jet impact the injection depth no longer
increases (t � 400 ls). Liquid jets have a non-uniform velocity
throughout the jet due to air resistance. This causes the jet tail to
have a lower speed compared to its front, and consequently the



Fig. 4. Diagrams showing plastic substrate deformation regimes. Regime 4) Splash,
injection and squeeze-out: The jet impact on the agarose gel surface creates a
dimple and eventually penetrates the surface. Before penetrating, the jet splashes
similarly to the surface defeat regime. After the injection, part of the injected liquid
is expelled because of the visco-elastic properties of the gel. This regime is observed
for: G = 14 kPa, Wejet < 2145; G = 3.5 kPa, Wejet = 1240–3050) and G = 0.8 kPa,
Wejet < 1240. Regime 5) Splash and injection: This regime resembles Regime 4 in
the first stages; there is jet splashing upon impact, and a dimple is formed and
penetrated, but no liquid is expelled at the end of the process. This regime is
observed for: G = 35 kPa, Wejet > 3375 and G = 0.8 kPa, Wejet = 655–1240. Regime
6) Clean injection: The jet impacts, deforms the surface and penetrates it. In this
regime the jet does not splash. This is the ideal situation for needle-free jet injection
systems. This regime is observed for: G = 0.8 kPa, Wejet > 3375 and G = 0.2 kPa,
Wejet < 270. Supplementary Movies 4–6 show examples of the corresponding
regimes.

Fig. 5. Regime 7) Splashing Substrate: In this regime, the jet does not splash upon
impact, but the substrate does. This regime was found only for: G = 0.2 kPa, Wejet <
290. Supplementary Movies 7.1–7.2 show examples of the described regime.
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impact pressure of the jet decreases over time. Moreover, agarose
is a viscoelastic material [69], and its viscous response suppresses
the elastic component temporarily during impact, allowing jet
penetration. Once the elastic recovery occurs, as the jet impact
force stagnates towards the end of the injection (t � 400 ls), the
gel returns to its original position, thereby squeezing out the liquid
that penetrated the gel [70]. Due to limited optical resolution (1
553
pixel = 10 lm), it is out of scope of this paper to quantify the deliv-
ery efficiency. Furthermore, several papers have related the effi-
ciency of the injection in terms of the percentage of jet volume
loss and the injection strength (S ¼ ðqVjetÞ=2G) [71–73,18,15,33].
This loss is mainly due to splashing and squeeze out, however
the detailed mechanism of the latter processes in needle-free injec-
tions lack attention.
3.5. Regime 5: Splash and injection

This regime resembles Regime 4, there is jet splashing upon
impact, and a dimple is formed and penetrated, but no liquid is
expelled after elastic recovery. Regime 5 (Fig. 4, middle), was found
for impact on 0.5% agarose (G = 3.5 kPa, Wejet > 3375) and 0.25%
agarose (G = 0.8 kPa, Wejet = 655–1240). First, a dimple is formed
with minor splashing (50 – 100 lm), followed by substrate pene-
tration. For agarose concentrations lower than 0.25% injection is
seen at lower velocities (Vjet >30 m/s) as compared to the agarose
concentrations (> 0.25%) Vjet > 55 m/s. Since inter-molecular
forces are larger for higher agarose concentrations [74,69,70], jet
impact deforms the substrate instead of producing a splashing
sheet. Towards the end of impact (t � 400 ls), the injected area
may compress or recede, but no squeeze-out is seen in contrast
to Regime 4. Thus, in this regime we expect to reach the plastic
deformation of the material, i.e., jet inertia overcomes the elasticity
of the material beyond the recovery point. Additionally, while the
jet penetrates (t � 400–600 ls), the dimple in the surface flattens
and widens, eventually pinching off from the injection cavity, seal-
ing the injectate within the gel.

We can compare our results by looking at studies where high-
speed projectiles were impacted on various concentrations of gela-
tin gels, and cavity regimes were defined based on projectile elastic
Froude number (Fre) as function of substrate G [75], here,
Fre ¼ ðqV2

jetÞ=G. Within the reported cavity types our observations
can be best compared to the shallow seal regime, which we found
for G = 3.5 kPa and Wejet > 3500, Fre > 1200; G = 0.8 kPa and
Wejet > 650, Fre > 1000; G = 0.2 kPa and Wejet = 125–215, Fre >
700–1300. Our results are in agreement with Kiyama et al., where
they found shallow seals starting from Fre ¼ 200 – 400 and transi-
tioning to surface seal at Fre > 104 [75]. We did not observe a tran-
sition to a surface seal as for our experiments Fre < 104.
3.6. Regime 6: Clean injection

The jet impacts, deforms the surface and penetrates it, without
splashing at any stage (Fig. 3, bottom). This can be considered the
optimal impact outcome or endpoint for needle-free injections.
Observed for impacts on 0.25% agarose (G = 0.8 kPa, Wejet >
3375) and 0.125% agarose (G = 0.2 kPa, Wejet < 270). In contrast
to Regime 5, no splashing is seen because the jet-impact pressure
only deforms the substrate. Compared to Regime 5, the dimple
expands faster and wider (200 ls, 20–40 times Djet for Regime 6
versus 400 ls, 1.5–2 times Djet for Regime 5).

Observing at an angle (� 45 degrees), different phases in the
cavity dynamics can be highlighted (see Supplementary Fig. 3).
First, the jet front forms a shallow dimple which expands into a
bell-shaped cavity. The formation of cavities wider than Djet is
caused by pressure build-up of the impacting jet at the interface
via momentum transfer from the jet, causing the pressure to move
radially outwards and entraining the surrounding air [75]. Subse-
quently, the trailing part of the jet penetrates the gel surface form-
ing a narrow secondary cavity, which finally seals the jet within
the gel. For 0.25% agarose, the cavity-diameter is approxiamtely
20 times Djet , whereas in 0.125% the cavity-diameter is around
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40 times Djet (t = 258 ls). Although these results showcase the
optimal outcome for needle-free injections (e.g., no splash-back
and 100 % delivery efficiency) we are aware that these simplified
agarose gels provide a limited representation of the complexity
of skin. Further investigations should be aimed at clarifying
whether this outcome could be achieved with in vivo skin samples.
However, this optimal scenario has been reported for ex vivo skin
with G = 0.3 MPa and jet diameter and velocity Djet ¼ 152 lm,
Vjet ¼ 159 m/s [33].

3.7. Regime 7: Splashing substrate (no jet splashing)

The substrate splashes upon jet-impact, similarly to water entry
experiments, i.e., secondary droplets detach from the substrate.
Here, we note no jet splashing (see Fig. 4), with impact evolution
similar to regime 6. This was the case for the softest substrate
0.125% agarose (G = 0.2 kPa) at Wejet < 290. For comparison, in
water entry experiments this regime has been observed at We �
180–230 [27,76].

As the jet starts penetrating the gel, the gel surface bulges (see
Supplementary Fig. 3), and we observe a crown formation of the
agarose sheet from where droplets detach. This crown formation
resembles water entry experiments. However, higher We is
required to obtain crown formation in agarose gels as compared
to water. This was expected as viscous dissipation is larger in agar-
ose gels than in water, and viscous dissipation stabilizes the crown
rim [41,77]. Furthermore, agarose has a larger effective surface
tension than water, and deviatoric stresses may also contribute
to the higher impact speed leading to crown formation [77,78].
However, the former explanation is more plausible as the effective
surface tension model from [77] has been shown useful to predict
the penetration of a liquid jet through agarose gels with G � 200 Pa
[79].

As jet-impact progresses, the substrate-splashing ceases while
the bulge remains and widens. At the end of the impact, the surface
recovers to its original position. The bulging substrate-surface
results from pressure build-up and momentum transfer from the
impacting jet. Besides the substrate splashing upon jet-impact
and the bulging surface, the injection and cavity dynamics are very
similar to Regime 6.

3.8. Regime map

In Fig. 6 we show a regime map by plottingWejet , in terms of the
substrate shear modulus on a log–log scale. The blurred symbols
represent the experimental data, and the larger symbols show
the first transition value to a new regime. Both the transition from
spreading to splashing and the transitions to different regimes
show linear trends and we have derived three thresholds, defined
as: spreading/splashing threshold: Wejet ¼ 299� G�0:047ðy1Þ; dim-

ple formation threshold: Wejet ¼ 0:017� G1:1ðy2Þ; and plastic/elas-

tic deformation threshold: Wejet ¼ 0:728� G0:83ðy3Þ.
Equation y1 indicates an increased splashing threshold for

lower substrate stiffness, which was expected and reported by
Howland et al. [40]. Furthermore, y2 allows calculating the
required Wejet for dimple formation in substrates with known G.
Doing so for G = 0.2 kPa, we find: Wejet = 6, indicating that all
the generated jets within our experimental conditions would cause
dimple formation on such substrates. Finally, y3 allows estimating
the required Wejet to cause plastic deformation in materials with
varying G. For a 40 lm jet diameter to create plastic deformation
and inject into substrates of G = 65 kPa (2% agarose), Vjet should
> 92 m/s. Furthermore, to create elastic deformation for G
= 0.2 kPa (0.125% agarose) this corresponds to Wejet < 60, which
would give Vjet = 8.3 m/s for Djet = 40 lm. Unfortunately, verifying
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this experimentally would involve exploring new chip designs, to
expand the jet velocity range, which is out of scope for this paper.

Baxter et al., studied jet delivery efficiency in skin samples with
different stiffness, which can be used to compare our findings [33].
For Wejet = 53000 and G = 500 kPa [80,81], they report 6% delivery
efficiency, indicating a high rate of elastic material response and
little deformation, i.e., close to the threshold of elastic/plastic
deformation. Evaluating equation y3 for G = 0.5 MPa, gives Wejet
= 39100 as a threshold value for plastic deformation, which is �
25% lower than 53000. Furthermore, for Wejet = 53000 the storage
modulus at the threshold is G = 0.72 MPa, which in the same order
of magnitude of the stiffest skin sample they injected (G
= 0.96 MPa, wich gives: Wejet = 67000). Thus, our model matches
Baxter et al. observations on the skin, validating our findings for
a larger range of materials.
3.9. Comparison to skin impact

During these studies the glass plates and agarose concentra-
tions 0.25 and 0.125% served to explore fundamental microfluidic
jet impact dynamics while simultaneously gaining insights into the
splashing behavior. The mechanical response of skin depends on
multiple factors, and obtaining stiffness values relevant to our
specific impact conditions is out of scope for these studies. To com-
pare the regimes found in agarose and glass to the in vivo situation,
some experimental conditions have been repeated using human
skin as substrate (purchased via Biopredic International). The opa-
que nature of skin makes it impossible to validly define the thresh-
old between regimes, as events happening within the substrate
cannot be seen. Consequently, the transition between Regime 2
and 3, and the onset of dimple formation cannot be defined. Addi-
tionally, it is difficult to pinpoint the transition between regime 3
and 4, as it is hard to distinguish between pool filament splashing
and squeeze-out, without tracking the back-flow inside the sub-
strate, as shown in Fig. 7. However, based on the timing, duration
and amplitude of splashing the phenomena in skin can be com-
pared qualitatively to that on agarose gels. Doing so, splashing
behaviour that could be caused by back-flow is indicated using
red arrows, and potential squeeze-out is indicated using red circles
in Fig. 7. Note that these observations remain qualitative based on
comparable impact behaviour seen for the agarose gels. Additional
experimental analysis and visualization of the flow inside the skin
are required to distinguish between squeeze-out and filament
splashing. Jets with Wejet ¼ 480� 2600 on human skin resulted
in impact outcomes which are comparable to Regimes 1–3 (high-
lighted in Supplementary Fig. 5). Similarly, jets with Wejet ¼ 4000
seem to result in Regime 4 as shown in Fig. 7. Within the capabil-
ities of our experimental setup, the ideal Regime 6 (clean injection)
could not be observed. Thus, new chips designs and set-up param-
eters should be explored to obtain jet with Wejet > 53000. Increas-
ing Wejet will eventually lead to droplet break-up due to shear
stress caused by the air, thereby posing a limitation to jet injection
systems. However, previous works have not observed such
breakup on generated jets with Djet ¼ 15lm and Vjet � 1000 m/s
for injection on substrates with G 0.5 MPa [15]. The latter modulus
lies within the reported modulus for skin [24,80,81], indicating
that increasing Wejet without observing breakup is possible. Fur-
thermore, if needed, the use of surfactants or other additives can
help stabilise the jets at higher Wejet.

Furthermore, as liquid properties also influence the impact
behaviour, it should be assessed how the incorporation of thera-
peutics will affect splashing. The liquid characteristics used in
these experiments closely match those of insulin used for therapy
(g � 1.1 mPaS) [82]. In fact, most vaccines and other injectable
therapeutics contain water-soluble ingredients, which results in



Fig. 6. Blurred symbols show all experimental conditions, while larger symbols indicate the first value at which a transition to a new regime was seen. The X-axis showsWejet
and the Y-axis shows substrate G in log–log scale. Symbol positions correspond to the substrates 0.125% agarose (G = 0.2 kPa), 0.25% agarose (G = 0.8 kPa), 0.5% agarose (G
= 3.5 kPa), 1% agarose (G = 14 kPa), 2% agarose (G = 65 kPa) and borosilicate glass (G = 26 GPa). The dashed line (y1 ¼ 2993X�0:047) shows the spreading/splashing
threshold*, the dotted line (y2 ¼ 0:017X1:1) shows the dimple formation threshold, and the solid line (y3 ¼ 0:728X0:83) shows the elastic/plastic deformation threshold. (The
black brace indicates the reported range of skin stiffness (G = 6.6 kPa-333 MPa). Please note the axis break, emphasised by the narrow unmarked rectangle.

Fig. 7. Snapshots of jet impact at Wejet=4000 (Vjet = 61 m/s, Djet = 50 lm) on skin in
Regime 4. First, we observe outward splashing upon impact (t = 6 ls) followed by
back-flow at times t = 38–167 ls, as indicated by the red arrows. From t = 217 ls
(red circles) a small liquid filament rises from the skin surface, analogous to the
squeeze-out behavior as described for agarose in Regime 4. The hair in the
background, does not interact with the impacting jet as observed in Movie 11.
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similar liquid properties [83]. Additionally, nanoparticle (NP) for-
mulations have recently shown success in achieving enhanced
pharmacokinetics and should therefore also be considered on com-
patibility with our system as NPs will be used in future therapies
[84]. The effect of NPs on liquid properties depends on NP type
and concentration. Lower splashing thresholds were reported for
45 nm Al2O3 NPs as it results in increased lamella spreading and
lifting speed [85]. In contrast, for 10 nm AgNO3 NPs splashing is
suppressed at higher impact velocities because of interactions of
the nanoparticles with the surface [86]. Therefore, we conclude
that each NP based formulation needs to be separately studied to
properly assess how the impact behaviour of the jets is influenced.
3.10. Injection depth dependency

The regimes we introduced in the previous section can assist in
performing microfluidic jet injections where splash-back and par-
tial ejection of the fluid is undesired. However, to further optimize
our system, a reliable dependence of jet characteristics on injection
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depth (Hinject) in skin is needed. A linear relationship between Vjet

and Hinject was previously reported [15,32,33]. In contrast, for
Wejet and Hinject , there is no reported linear relationship. However,
since the regimes we identified correlate with Wejet , it was also
assessed how Wejet influences Hinject . We found that Vjet has a
higher predictive value for Hinject as compared to Wejet (see Supple-
mentary Fig. 7). The poor correlation coefficient of Hinject with Wejet
is because Wejet depends on both Djet and Vjet . Therefore, the same
Wejet can result in jets with different Vjet . For example, a jet with
Djet four times larger than another jet, their velocity would be dif-
ferent by a factor of two.

To inject in substrates with G > 3.5 kPa, jets with high Wejet (>
2500), caused by high Vjet and low Djet , are required to deform the
surface. Such jets have a higher impact pressure due to their low
surface area compared to high Wejet , resulting from average Vjet ,
yet high Djet . Our observations align with previous studies of liquid
jets impacting on liquid pools, where Djet did not influence the final
cavity depth, but the jet momentum did [87]. Therefore, we con-
clude that Vjet better predicts Hinject as compared to Wejet .

To gain more insight on the injection phenomena, we make an
energy balance between the kinetic energy of the jet
Ek � V2

jetD
2
jetHjet (with Hjet the length of the jet) and

Eel � GD2
injectHinject (where Dinject is the injection cavity diameter),

the elastic energy of the cavity made in the agarose gel during
the injection. Here, we assume that all the kinetic energy of the
jet will be converted into elastic energy. Hence, by performing
the energy balance and assuming that Djet � Dinject and that Hjet is

constant in our experiments, we find that Hinject / V2
jet=G ¼ Fre.

The linear relationship is in good agreement with the experimental
data as shown in Fig. 8 Top.

Fig. 7, bottom, shows the evolution of the injection depth in
time for different agarose concentrations. Prior to impact, Vjet ¼



Fig. 8. Top) Relation between (qV2
jetÞ=G and Hinject for 1% agarose (G = 14 kPa),

black; 0.5% agarose, red (G = 3.5 kPa) and 0.25% agarose (G = 0.8 kPa) Dashed line
shows a linear fit (y ¼ 0:5243xþ 440:04;R2 ¼ 0:935). Bottom) Evolution of the
injection depth in time for the different agarose gel concentrations (Vjet � 58
± 11 m/s, Wejet = 3142 ± 20%). The deceleration of the jet is greater for increasing
agarose concentration. The solid lines indicate the average of 3 experiments, and
the shaded area represents the variation across the experiments.
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58 ± 11 m/s for all the experiments. The jet decelerates after
impact onto the agarose gel surface. This deceleration increases
with the concentration of agarose. For example, in agarose 2%
the jet velocity in its traveling direction is 0 m/s as soon as it con-
tacts the gel at t � 60 ls. In contrast, for agarose 0.125%, the veloc-
ity of the jet in the cavity is 1/2 Vjet remains almost constant until t
� 400 ls. These results complement those on reference [18],
where it was found that increasing the viscosity of the injected liq-
uid while maintaining the other injection parameters constant,
decreases the injection depth.
4. Conclusions

We studied the impact of microfluidic jets with a wide range of
diameters (35–120 lm) and speeds (7–70 m/s), on substrates with
a shear modulus between 0.2 kPa - 26 GPa. Microfluidic jets where
created using a previously reported system envisioned for needle-
free intradermal injections [11,2,5,27]. Seven distinct regimes were
identified based on the jet Weber number (70–4000) and substrate
stiffness: 1) Jet spreading, 2) Jet splashing, 3) Surface defeat, 4)
Splash, injection and squeeze-out, 5) Splashing and injection, 6)
Clean injection without splashing, and 7) splashing substrate (no
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jet splashing). Previous research focused on a narrower range of
impact conditions and just reported two or three of the aforemen-
tioned regimes [40,68]. This is the first attempt to describe and
report the seven different regimes in a single study, thus giving
an extensive overview of phenomena that has been partially
described [11,13,15,28,32].

Our findings enable calculating the thresholds between spread-
ing and splashing, the threshold for dimple formation and the
threshold between elastic and plastic material deformation. These
thresholds can be used to predict the Weber number necessary to
make a jet injection into a substrate of a known storage modulus.
Moreover, we show qualitatively that the impact regimes observed
in agarose gels and glass are similar to those observed for jet
impact onto human ex-vivo skin. An empirical estimation of the
threshold between regions could not be determined due to the
opacity of skin. However, the threshold between elastic and plastic
material deformation matched available data on injections onto ex-
vivo skin [33]. This result is especially relevant for needle-free
injections as skin storage modulus differs between people or
regions of the body [23–25].

Additionally, understanding how jet Weber number relates to
splashing and squeeze-out can help optimize liquid jet injections
by reducing both phenomena, as they have been found to be a lim-
itation to needle-free injection systems [36,37]. To enhance deliv-
ery efficiency and decrease infection risks, higher jet Weber
number should be explored.

Furthermore, as reported previously [33], we found that jet
velocity is a better predictor for the injection depth compared to
the Weber number, especially for the higher agarose percentages,
as the Weber number depends on both jet velocity and diameter.
To deform substrates with G > 3.5 kPa, high impact pressure is
required that is only provided by jets with high velocity and small
diameter. By making an energy balance, we found that the injec-
tion depth Hinject � Fre, which is in good agreement with the exper-
imental data.

Although agarose gels cover the same shear modulus range as
skin, they lack the various elements of skin that confer its complex
mechanical behaviour. Therefore further studies are needed to con-
trast our observations in agarose and glass against skin samples.
Future work could also be aimed at increasing the range of jet
velocities to expand the regime map, and verify to what extent
our calculated thresholds have predictive value over skin samples
with varying shear moduli.
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