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High Speed Ink Aggregates Are Ejected from Tattoos During
Q-switched Nd:YAG Laser Treatments

Michael J. Murphy, BSc
⇤

DermaLase Training Services, 120 Queens Drive, Glasgow, G42, United Kingdom

Introduction: Dark material has been observed embed-
ded within glass slides following Q-switched Nd:YAG laser
treatment of tattoos. It appears that these fragments are
ejected at high speed from the skin during the treatment.
Method: Light microscopic analysis of the slides reveals
aggregates of dark fragmented material, presumably
tattoo ink, with evidence of fractured/melted glass. Photo-
micrographs reveal that the sizes of these aggregates are in
the range 12 mm to 0.5 mm.
Results: Tattoo ink fragments were clearly observed on
the surface and embedded within glass slides. Surface
aggregates were observed as a fine dust and were easily
washed off while deeper fragments remained in situ. The
embedded fragments were not visible to the unaided eye.
Some fragments appeared to have melted yielding an
“insect-like” appearance. These were found to be located
between approximately 0.2 and 1 mm deep in the glass.
Conclusion: Given the particle masses and kinetic
energies attained by some of these aggregates their
velocities, when leaving the skin, may be hundreds to
thousands of metres per second. However, the masses of
the aggregates are minuscule meaning that laser operators
may be subjected to these high-speed aggregates without
their knowledge. These high-speed fragments of ink may
pose a contamination risk to laser operators. Lasers Surg.
Med. © 2018 Wiley Periodicals, Inc.
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INTRODUCTION

Q-switched laser removal of tattoos is a well proven
technique since its inception in the 1980s [1–8]. A number of
processes occur around the ink aggregates which are induced
by absorption of the laser energy. One reaction results in the
generation of a photoacoustic shockwave, causing the brittle
ink aggregates to fracture. (Note, in this report “particles”
refer to individual ink particles, around 10–40 nm in size,
while ‘aggregates’ refer to clumps of these particles).

Plume or splatter, has been observed throughout the years
since laser treatment of tattoos was first investigated [1,7–12].
Goldman and Kitzmiller [11,12] observed plumes from tattoos
treated with normal mode ruby and Nd:YAG lasers and a Q-
switched ruby laser, in the late 1960s, and suggested that this
was the method of tattoo removal. Splatter had also been

identified previously by other researchers including reports of
expelled viable cells/tissues following laser treatments of other
clinical targets [13,14].

One study found potentially harmful particles of material
including hydrogen cyanide, benzene, and aerolized biolog-
ical matter from bacteria and viruses in plume [15,16].
Indeed, petechiae is a relatively common occurrence
although it was originally thought to be due to photome-
chanical disruption of the papillary vessels during treat-
ment [8,17]. Various splatter “guards” have been used as
barriers to prevent potential cross-infection between
patients and laser operators including acetate films [7]
and commercially available products such as Tega-
derm1 [7,18], Second Skin1 [18] or Vigilon1 [10], and,
more recently, perfluorodecalin-infused patches [15,16].
Clearly these guards were used to “protect” the laser
operators during treatments suggesting that they had
concerns about the contents of the splatter. This study will
show that tattoo ink aggregates are also leaving the skin
during these treatments with a Q-switched Nd:YAG laser.

The “glass slide technique” was discussed in the QS Nd:
YAG laser treatment of tattoos by the author in 2014 [19].
This technique reduces the perception of pain reported by
patients during treatments due to compression of the skin in
the treatment area during application of the laser energy. In
addition, the compression also reduces capillary damage [20]
and petechiae (due to the blood being occluded within the
capillary plexus in the papillary dermis during compression),
epidermal disruption, and post-treatment oedema. Disrup-
tion of capillaries was observed by Taylor [8] during
Q-switched ruby laser treatment of tattoos and by Ferguson
and co-workers [17] during Nd:YAG laser treatment of black
tattoos. Light microscopy revealed rupturing of capillary
vessels in an “upward” direction without any evidence of
thermal coagulation or wall necrosis, suggesting a mechani-
cal process was occurring. This appears to agree with the idea
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that some ink aggregates are perforating vessels following an
explosive reaction within the deeper ink fragment surfaces.

However, following a number of treatments during the
original study [19] the author noticed “pitting” on some of
the glass slides (Fig. 1). The purpose of this subsequent
study was to determine the origin and contents of these pits
in the slides used in the original study.

The pits were originally assumed to be due to physical
stresses intheglasscausedbytheveryhighoptical irradiances
at 1064nm (typically 3.5–5.1J/cm2 in an 8ns pulsewidth
yielding an irradiance range of 440–640MW/cm2) impinging

upon the slide. This was found not to be the case, however,
when the slides were exposed to the same irradiances with the
slides positioned above non-tattooed skin or plain white paper.
In addition, the pitting only occurred on the surfaces which
were in contact with tattooed skin.

None of the embedded ink aggregates within the glass
slide were visible to the unaided eye. Given that the
resolution of the human eye is around 40–50 mm, this
indicates an upper limit on the size of the aggregates
embedded within the glass. Further evidence of the
origins of these pits can be clearly seen in Figure 2 where

Fig. 1. Glass slide with pitting marks under light microscope with magnifications at⇥60 (a), and at
⇥47 (b). The dark dots in (a) are tattoo ink fragments. The pits were typically found to be between
<0.1 and 1 mm in size.

Fig. 2. The glass slide exhibits an “image” of the original professional tattoo following treatment
using the “glass slide technique.” The dark particles on this slide were clearly on its surface as they
were easily washed off. These particles had not penetrated into the glass. (Photographs used with
the kind permission of Lesley Murphy).
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the glass slide used to treat the tattoo showed an “image”
of the treated tattoo on its surface (4.5 J/cm2, 4 mm spot
diameter, 1064 nm, Fitzpatrick skin type 2, 26 y.o.
female, first treatment).

MATERIALS AND METHODS

More than 60 slides from the original study [19] were
studied for evidence of pitting. Of these, 23 slides were
chosen for further microscopic examination as each
showed indications of embedded ink aggregates. A GS
S.E.R.B. P2 light microscope with a range of magnifica-
tions between⇥47 and⇥70 was used to study the pits more
closely. The depths of the pits were estimated from visual
inspection through the side of the slides with a back-light
to highlight the deformations. Their impact crater areas
were calculated from taking measurements of the surface
deformations using the microscope’s built-in graduation
marks (spaced at 12 mm intervals). It was noted that a large
variation in pit areas was observed indicating a large range
of impact energies, as should be expected.

RESULTS

Figure 3 shows photomicrographs of tattoo ink within
the glass slides. Figure 3a displays a large range of
fragment sizes on the glass surface with both very small
clumps and larger, aggregated masses ranging in dimen-
sions from less than 12 mm to more than 500 mm, while
Figures 3b–e show “smeared” patterns (the image resolu-
tion at this magnification is approximately 12 mm).

Figure 3c–e show the same site at different depths of
focus revealing the difference in penetration distances
between aggregates. It is interesting to note the resem-
blance of the “smeared” aggregates with insects. However,
it is difficult to gauge the size of the ejected aggregates as
they likely disintegrate or melt on impact with the glass.

The smeared “insects” were all deep within the glass,
with none detected on the surfaces. Their depths ranged
between 0.2 and 1 mm, approximately, and they ranged in
dimensions from <0.05 mm to approximately 0.9 mm
across (measured using the optical microscope).

The “insect-like” patterns appeared only within those
slides where a tattooed area had been irradiated. They did
not appear at all in unused slides, nor in the slides which
were tested over non-tattooed skin. This clearly indicates
that these marks are created as a result of the laser energy
interaction with tattoo ink. However not all slides exhibited
evidence of tattoo ink ejecta (only around 35% of the tested
slides showed embedded ink particles), indicating the lower
kinetic energies of those flying fragments.

DISCUSSION

Optical microscopic analysis revealed that the pits ranged
from <100 mm up to 1 mm in size, and were created by the
impact of high energy particulate matter (Fig. 1a). All of the
pit marks were clearly on the surface of the glass. This is
easily confirmed with the use of a fingernail. It is highly
unlikely that human skin tissues would be sufficiently hard
to scratch the surface of the glass slides. (Note, that the

depths of these pits were not accurately measureable in this
study—only a visual inspection was used). In every
examination (more than 60 sites) the only colour observed
was black, regardless of the colour of the treated tattoo ink,
except in one instance when a distinct blue colour was
observed. The lack of other colours may be due to their
relatively low absorption of the laser energy resulting in less
aggressive ablation, compared with black ink.

The expansion of tissue water adjacent to the ink
aggregates into steam is rapid, and may provide a source
of kinetic energy to “launch” smaller ink aggregates
throughout the dermis, including through the epidermis.
Histological evidence clearly shows tattoo ink aggregates
on the surface of the steam bubbles [1,8,17] within the
irradiated dermis.

Alternatively, the origin of the ejected ink fragments
may be due to the rapid thermal expansion of the dermal
ink aggregates during laser energy absorption. In laser
welding, the phenomenon of “spattering” is a well-known
issue when applying light energy to various materials [21].
The same process may be occurring on the ink aggregate
surfaces during laser tattoo removal. Ready [22] describes
an experiment where an aluminium target was irradiated
with a Q-switched ruby laser pulse at 2 J and a pulsewidth
of 30 ns (66.6 MW per pulse). Photographic measurements
show that a high velocity plume can be observed leaving
the surface of the target at around 10,000 ms�1. This is
described as the velocity of expansion of the luminous front
of the ionised material. Using a 200 MW Q-switched Nd:
YAG laser, the luminous edge of the “blowoff material” was
measured at a velocity of 63,000 ms�1. Modern lasers used
for tattoo removal can easily exceed peak powers of
200 MW, especially the picosecond variety.

Using a simple, first-approximation calculation of the
kinetic energy of the ink aggregates impacting the glass
slides, it can be shown that low mass aggregates are
impinging on the glass at velocities up to thousands of
metres per second (see Appendix, Fig. 4). These calculations
are in reasonable agreement with Ready’s observations.
However, the masses of these aggregates are sufficiently
small that they are not readily observed or felt by laser
operators. Anecdotal evidence indicates that some laser
operators do occasionally feel “impacts” on their necks and
lower faces during Q-switched laser treatments, which may
be due to these high-velocity ejected ink particles.

Both Taylor [8] and Ross et al. [23] reported a “stippling”
of ink aggregates post-treatment using electron micros-
copy. It was noted that stippling occurred in the superficial
region of the dermal ink aggregates. It is possible that this
stippling indicates sites where smaller ink aggregates
have been explosively removed from the larger aggregates
during the rapid thermal expansion phase.

It might appear obvious, with hindsight, that initiating
small “explosions” within the skin on the tattoo particle
surfaces will inevitably result in high speed ejection of ink
aggregates. Tattoo inks may be composed of a wide range of
materials including iron oxides, carbon (both black),
cinnabar, cadmium (both red), chromium oxide (green),
azure, and cobalt blues, lead carbonate (white) plus a wide
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range of other metal salts and plastics. Consequently,
tattoo ink has a large range of melting points while glass
typically melts in the range 1,425–1,6008C [24].

Microscopic analysis indicates that some of the ejected
particles appear to have melted while others remain intact
(Fig. 1a). During the energy absorption/photomechanical
explosive process some of the ink aggregates will rise
in temperature significantly (up to more than
1,0008C [1,8,17]) and will be ejected from the skin. With
a sudden deceleration on the surface of the glass slide the

kinetic energy will rapidly reduce to zero resulting in a
further rise in the aggregates’ temperatures, possibly
above the melting point of some of the ejected inks (the
kinetic energy will be converted into mechanical and
thermal energy as the aggregates hit the glass, resulting in
the generation of heat, sound, and pressure.)

With at least two independent temperature rises in this
process, coupled with the high-pressure impact, it is
conceivable that some of the ink will melt within the impact
crater, while also potentially melting a region of the impact

Fig. 3. Microscope images of the pits in the glass slides. The aggregates in (a) range from<0.012 to
⇡0.5 mm in size. Typical smear patterns (b–e) measured in the range <0.05 to ⇡0.9 mm (the
graduated marks in the above photographs are 0.12 mm apart). All of the above photographs were
taken at the same magnification of ⇥70.
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site glass. This may be evident in Figure 5 where the
optically distorted peripheral areas appear to indicate a
melting and/or fracturing of the glass. The melted ink and
glass then mix forming the observed “insects,” before the
glass rapidly solidifies. Note the significant degree of
symmetry suggesting a fairly homogeneous diffusion of ink.

Only around 35% of the tested slides exhibited embedded
ink fragments following treatments. Not all treatment
sites appear to eject ink particles which may be due to
deeper ink targets. These tattoos will receive less energy
than superficial ones and, consequently, will generate less
powerful explosive photoacoustic reactions, with lower
kinetic energies within the fragments. In addition, non-
black ink will generate lower kinetic energies due to their
lower energy absorption. This may explain why coloured
inks were not seen within the slide samples.

CONCLUSION

It appears that “splatter” includes aggregates/
particles of tattoo ink and may also carry epidermal

and dermal tissue [15,16], including blood, with the
high velocity ink particles providing a transmission
mode. The possibility of transmitted viable bacterial
and viral particles must also be a concern for all QS and
picosecond laser operators (although no evidence has
been found of this to the author’s knowledge, as yet).
The use of physical barriers such as Tegaderm1,
Second Skin1, and Vigilon1 suggests that this concern
is not new. However, the speed of ejection of these
particles was not previously known and it is possible
that these barriers may prove ineffective, under these
conditions. It is entirely possible that the high temper-
atures within the hot ink aggregates destroy the
viability of any potential viruses/bacteria. Clearly,
further work needs to be done to determine the
potential biohazard risk from these ejected aggregates.

It appears that the glass slide method [19] may be the best
way to prevent possible transmission of these particles.
However, a glass “harder” than that used in this study may
need to be used routinely to prevent contamination of the
treatment site with glass particles from the slides. No
patients reported any undue effects or irritations following
the use of this technique. One downside to this technique is
the extra time required to treat larger areas, using a glass
slide, however, with a larger glass slide (55⇥ 100 mm) this
was not found to be significant.

It is probable that, in some cases, ink aggregates may
have become embedded in the skin of laser operators.
While this may pose a very small probability of cross-
infection, it is still a risk. Conventional surgical masks may
not offer suitable protection due to the very small size and
high speed of the ejected particles. Given that there are
currently thousands of Q-switched lasers across the world
today, carrying out potentially millions of tattoo removal
treatments every year, the risk is very real. The same is
true for the newer picosecond lasers which generate higher
peak powers than the Q-switched variety.
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APPENDIX

THE KINETIC ENERGY/VELOCITY OF THE ESCAPING AGGREGATES—A FIRST APPROXIMATION:

The following calculations are a first approximation and are based on a number of approximations and measurements.
The compressive strain, e, within the glass slide following ink fragment impact may be calculated from the ratio of the
depth of penetration, Dl, of the fragment to the thickness of the slide, l (2 mm). Knowing this and the Young’s Modulus, E,
of glass (65 GPa) the compressive stress, s, may be found.
Multiplying s by the area of the impact zone, A, gives the impact force, F. The product of this force with the depth of
penetration, Dl, yields the kinetic energy, KE, of the impact fragment.
Let us assume that the observed black ink particles are carbon ink aggregates, with the density of the carbon as 2,250 kg/
m3. From the dark material in Figure 5 we can see that the aggregates leaving the skin have diameters in the range 1–
10 mm (below the resolution of the human eye and, therefore, invisible). Assuming that the aggregates strike the glass
and shatter into much smaller pieces, the sizes of the aggregates striking the glass might be in the range 10–100 mm.
Assuming spherical aggregates, as a first approximation, this yields aggregates masses of between approximately
1.2⇥10�12 to 1.2⇥ 10�9 kg.
It was not possible to accurately measure the penetration depth of the aggregates into the glass, but a visual inspection
revealed craters with a maximum depth of 0.2 mm. Note that the smeared portions of ink were found to be significantly
deeper than this (up to approximately 1 mm).
Knowing the masses we can calculate a range of corresponding impact velocities as a function of the penetration depth
according to the equation:

v à

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
2 E A Dl2

m l

✓ ◆s

where v is the velocity of the aggregates on impact (metres/second), E is Young’s modulus for glass (Pascals), A is the area
of the impact zone (m2), Dl is the depth of the impact zone (m), m is the mass of the fragment (kg) and l is the thickness of
the glass slide (m).
Note that these calculations are a very simple, first approximation based on relatively low-tech measurements of the
samples.
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Table 1 shows a range of parameters taken from the photomicrographs, which yields a range of impact velocities for the
above penetration depths (0.05 and 0.2 mm):
The lower end impact velocities, below 5 ms�1, (which correspond to the larger mass, lower kinetic energy aggregates)
will result in minimal surface damage on the glass, if any. This may account for the image in Figure 3a where it appears to
show tattoo aggregates on the glass surface. The upper end of these impact velocities appears to be rather high but they
are theoretically possible given the explosive nature of photomechanical reactions and the very small mass of the
particles. The range of ink fragment masses will inevitably be large yielding a large range of kinetic energies, and hence
escape velocities. However, given the number of assumptions in this very rough calculation the actual velocities may be in
a much larger range than shown above.
Given that Ready [22] observed velocities around 10,000 ms�1 of ejecta from an aluminium target it appears the above
calculations are in the same range. It should be noted that these calculations are based on the impact kinetic energies.
The kinetic energy of individual ink particles will be higher as they leave the donor site but the surrounding dermal
collagen will inevitably absorb some of that energy, thereby slowing down those aggregates.

TABLE 1. Parameters Used in the Calculation of
Escape Velocities

Dl 0.05–0.2 mm

Fragment size 10–100 mm
Impact area 8⇥10�13�3⇥10�11 m2
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