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Abstract This research deals with the cutting of thin sheet
metals at various distances, feed speeds and angles of
incidence using a water jet guided laser. In the water jet
guided laser process a laser beam is focused into a jet of
water, which transmits the beam to the workpiece. This
eliminates the need for any focus control. Nevertheless,
most of its applications are in planar cutting where this
advantage is not utilized. For the laser parameters, jet
pressure and diameter in question, the value of 50 mm was
found to be a fairly reliable upper limit to the cutting
distance for both normal and inclined surfaces. In addition
to the laser beam being absorbed partially by the water jet,
the jet was found to be susceptible to disturbances.
Specimen vibration caused by the water jet also impeded
cutting a continuous kerf.
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1 Introduction

In conventional laser cutting, the cutting head must be kept
at the correct standoff distance from the workpiece to keep
the beam in focus and to deliver the cutting gas effectively.
This requires a focus control system as well as several axes
of movement to follow the workpiece. The water jet guided
laser solves the task in a very different way. The laser beam

is focused through a pressurized water chamber into a jet of
water as shown in Fig. 1. The jet guides the laser beam to
the workpiece by total internal reflection thus enabling
cutting from a considerable distance and eliminating the
need for z-axis movement [1]. This way, 3D parts with
large dimensions along the z-axis can be processed without
the need for 5-axis laser beam manipulating heads or focus
control systems.

A hair-thin jet, as opposed to a conventional cutting
head, has the advantage of fitting into confined recesses. In
addition, there is no danger of colliding with the workpiece
even when encountering sudden dimensions along the
z-axis. However, most applications of the invention are in
planar cutting, where the water jet is used only for cooling
and waste removal. In addition to cutting silicon wafers,
current applications in metal cutting are stencils for
applying solder paste on printed circuit boards, air gaps
in toroidal ferrite cores, and medical stents used for dilating
congested blood vessels. These have been presented by the
manufacturer in many conference papers and published
articles [2, 3]. This independent work investigates cutting
thin sheet metal at various distances, feed speeds and
angles of incidence, which are necessary variables for
processing formed sheet metal objects such as parts of
mechanical devices.

2 Theory

Water jet guided lasers utilize Nd:YAG lasers because of
their good pulsing properties. According to the manufac-
turer, the laser pulses form plasma when contacting the
workpiece, thus momentarily separating the high-pressure
water jet from the workpiece. After each pulse the water jet
cools the surface and expels the cutting waste with a
smaller but more concentrated force than in the case of
cutting gas.

The cutting distance is restricted by the stable water jet
length and interactions between the water and the laser
beam. The jet length depends chiefly on the nozzle
diameter and the water pressure. According to the
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manufacturer, a ∅100 μm nozzle will produce a 200 mm
long jet at an optimum water pressure of 25 MPa while a
∅50 μm nozzle will yield a 100 mm jet at 50 MPa [1].

Absorption of light by the jet is an important factor when
considering how much of the original laser power is
transmitted to the workpiece. Figure 2 illustrates roughly
the absorption coefficient of pure water as a function of the
wavelength of light [4–6].

Absorption coefficient values for Nd:YAG lasers are as
follows:

11:4 m�1@1064 nm

0:05 m�1@532 nm

0:02 m�1@355 nm

Using Beer-Lambert’s equation, it is possible to
calculate how much of the original laser power actually
reaches the workpiece, such that:

P ¼ P0e
�αd; (1)

where:

P remaining power
P0 original laser power

e Euler’s number, 2.718
α absorption coefficient
d distance penetrated in water

The remaining power for a wavelength of 1,064 nm as a
function of the distance penetrated in water is shown in
Fig. 3. The wavelengths 532 and 355 nm are barely
absorbed at all and are therefore not displayed in the figure.
However, with the high intensities of light generated by
lasers, nonlinear effects can also raise the actual losses [7].

3 Experimental procedures

The objective was to investigate the effects of cutting
distance and angle of incidence for thin sheet metals with
the main focus on whether cutting is possible or not. The
equipment used consisted of a 150 W 1,064 nm pulsed Nd:
YAG combined with a water jet laser unit and a separate xyz
table. The open construction of the setup provided a good
view of the cutting process as can be seen in Fig. 4.

0.1 and 0.2 mm thick strips of 99% aluminium, Cu37Zn
brass and 18Cr9Ni stainless steel were cut with a nozzle
standoff distance of 30, 50, 70, 90 and 110 mm combined
with feed speeds of 25, 100 and 200 mm/min at an
incidence angle of 0°. With the feed speeds used and a laser
pulse frequency of 300 Hz the respective distance between
individual pulses are 1.39 μm, 5.56 μm and 11.11 μm. As
the jet diameter is ∼100 μm, the laser pulses overlap

Fig. 1 Operating principle of the water jet guided laser

Fig. 2 Absorption coefficient of water vs wavelength

Fig. 3 The remaining laser power after water absorption

Fig. 4 The water jet guided laser at ITW-Chemnitz



multiple times. To study the effect of the angle of
incidence, aluminium and stainless steel strips were also
positioned at incidence angles of 30° and 60° and cut at
100 mm/min using the above cutting distances. The angle
of incidence is measured from the surface normal. Figure 5
shows the setup of the strip-like specimens in the
supporting frameworks used. The total heights of the
frameworks are around 150 mm. The cutting direction was
across the strips, starting from the edge, i.e. along contour
lines. To cut the specimens, the nozzle of the water jet laser
was moved only in an xy plane above the framework.
Performing the cutting task with a conventional laser
would be extremely difficult due to space limitations. Also,
keeping the laser in focus on the flexible workpieces would
be problematic.

The laser parameters used are displayed in Table 1. The
given power and energy values are valid only at the laser
source due to the fact that the water jet partially absorbs the
laser. The pulse energy has been calculated by dividing the
mean power by pulse frequency and the mean pulse power
has been calculated by dividing the pulse energy by pulse
length. The actual water jet diameter is smaller than the
nozzle because of the Vena contracta effect. According to
the manufacturer, a multiplier of 0.83 can be used [2]. The
jet expulsion speed has been calculated from the water
pressure using Bernoulli’s equation for dynamic pressure.

The upper surfaces of the resulting kerfs were photo-
graphed through a Euromex MIC 210 optical microscope
(Euromex, The Netherlands).

4 Results and discussion

Photographs of the upper surfaces of the resulting kerfs are
displayed in Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16. The
cutting distance is divided into columns and the feed speed
or angle of incidence into rows. The angle of incidence is
the jet angle from the surface normal. The images have
been chosen from locations that represent the whole kerfs
relatively well. Kerfs with no disruptions are located to the
left side of the dotted lines in Figs. 6, 7, 8, 9, 10, 11.
Needless to say, the results are directly valid only for the
laser parameters, water jet diameter and pressure in
question. However, the results do indicate cutting possibil-
ities for other metals to some extent, as aluminium and
brass are not easy objects due to their low laser absorbance
and high thermal conductivity.

As a general guideline, 50 mm seems to be a fairly
reliable cutting distance. In addition to the laser being
absorbed by the water jet, increasing the distance caused
occasional disturbances of the water jet, which show up as
discontinuities in the kerf. This was not expected as,
according to the manufacturer [1], the jet was supposed to
stay stable for up to about 200 mm. The disturbances were
most likely caused by air bubbles in the water. As a
solution the water degasser offered by the manufacturer is
highly recommended. The fact that the problem was more
pronounced at greater distances reveals that the bubbles
were not large enough to temporarily disrupt the water flow
through the nozzle but rather cause a small disturbance in
the flow, which gradually grows, resulting in the jet
breaking up later. Even the laser pulses might disturb the jet
[8]. Plasma induced shock waves propagating upstream of
the water jet might be another possible source of
disturbances as the jet speed (∼200 m/s) is much lower
than the speed of sound in water (∼1,500 m/s).

Although the higher feed speeds reveal even a short
disturbance as a discontinuity in the kerf, the feed seems to
have much less significance than the cutting distance in the
tested feed range. Admittedly, all the cutting speeds used
provided multiple overlapping of the laser pulses as
presented in the experimental procedures section. Figure 12
reveals what happens when the feed is increased
dramatically (up to ∼2,000 mm/min) as the laser was left

Fig. 5 Experiment setup

Table 1 The used laser parameters

Wavelength λ 1064 nm
Mean power P0 105 W
Pulse frequency f 300 Hz
Pulse energy Ep 0.35 J
Pulse length t 0.1 msec
Mean pulse power Pp 3,500 W
Nozzle diameter D 120 μm
Jet diameter d 100 μm
Water pressure Pw 20 MPa
Jet expulsion speed v 200 m/s



on by mistake during rapid feed. The material in question is
0.1 mm stainless steel and the cutting distance is 30 mm.
The feed is so fast that individual pulses can be identified in
the kerf. Despite the high feed, individual pulses manage to
penetrate the material. However, insufficient pulse overlap
causes a splash of melt to solidify on the upper side of the
material, probably before the material is penetrated. Pulse
overlap is thus required to enable the water jet to pass
smoothly through the material, expelling the melt with it. In
this case melt is solidified up to around 70 μm from the kerf
edge. The same phenomenon can be seen with stainless
steel in Figs. 10 and 11 when the material must be
penetrated after a discontinuity in the kerf. Aluminium and
brass do not respond in the same way, which might be due
to an oxide layer preventing the melt from welding itself.
Another possible reason is the higher solidification
temperature of steel, which causes the melt to solidify
before the water jet has time to remove it in the liquid
phase. A topic of further research could be the effects of
laser parameters and cutting speed on melt resolidification.

At a cutting distance where the laser is not even capable
of scribing the workpiece surface, such as at a distance of
110 mm as in Figs. 7, 8, 9, decreasing the feed makes no
difference. This suggests that the workpiece temperature
does not increase gradually pulse after pulse even when

there is more pulse overlap. Consequently, the water jet
must cool the workpiece effectively between the laser
pulses. While the water jet cools the workpiece between the
laser pulses, the following finding suggests that some heat
is conducted even during a 0.1 ms laser pulse or
immediately after it. The kerfs cut into stainless steel
accumulate a thin layer of rust when exposed to water,
which proves the existence of a heat-affected zone.
Another finding is that at further cutting distances, where
the remaining laser intensity is only adequate to scribe the
surface of a 0.1 mm specimen, the equivalent 0.2 mm
counterpart is often totally intact. This could be explained
by the higher thermal capacity of the thicker specimen,
which keeps the surface temperature lower by conduction.
Earlier unpublished studies also found that cutting 0.1 mm
thick copper with a plastic coated underside resulted in the
plastic melting up to 0.1 mm from the kerf. The cutting
waste also takes some time to cool down, as it was seen as
flying sparks below the specimen. This can even be seen in
the pictures of some published articles written by the
manufacturer [9]. The effect of laser parameters on HAZ
size with a water jet guided laser could be an interesting
topic of research. A theoretical approach of describing the
water jet and the laser interaction with material could be
another topic.

Fig. 6 0.1 mm aluminium cut at various distances and speeds at 0° incidence

Fig. 7 0.2 mm aluminium cut at various distances and speeds at 0° incidence

Fig. 8 0.1 mm brass cut at various distances and speeds at 0° incidence



Fig. 9 0.2 mm brass cut at various distances and speeds at 0° incidence

Fig. 10 0.1 mm stainless steel cut at various distances and speeds at 0° incidence

Fig. 11 0.2 mm stainless steel cut at various distances and speeds at 0° incidence

Fig. 12 Laser left on by mis-
take during rapid feed

Fig. 13 0.1 mm aluminium cut at various distances and angles of incidence at 100 mm/min cutting speed



The two most important factors arising from the angle of
incidence are its effect on laser intensity and the distance
through the sheet. When the jet strikes an inclined surface,
the contact area between the jet and the surface is stretched
from a circle to an ellipse. This decreases laser intensity by
a multiplier of the cosine of the incidence angle. This holds

true only in the beginning of the cutting process while the
surface of the workpiece is still intact. The distance through
the sheet is also dependant on the cosine of the incidence
angle, only inversely. For example, with the surface
inclined 60° the distance through the sheet is doubled.
Brewster absorption has little influence, as the laser is

Fig. 14 0.2 mm aluminium cut at various distances and angles of incidence at 100 mm/min cutting speed

Fig. 15 0.1 mm stainless steel cut at various distances and angles of incidence at 100 mm/min cutting speed

Fig. 16 0.2 mm stainless steel cut at various distances and angles of incidence at 100 mm/min cutting speed



unpolarized due to internal reflections in the water jet.
Factors causing uncertainty are phase interference and
surface roughness, as they can have unpredictable effects
on absorption. The optical path length through a surface
film, such as an oxide layer, changes with the angle of
incidence. Surface roughness on the other hand might
affect absorption by enabling multiple reflections between
the surface ridges more effectively at certain angles. The
tests could have been performed on recently polished
surfaces to study the effect of the angle of incidence with as
little disturbing factors as possible. These experiments,
however, represent real-world results. As a downside, the
relationship between the cutting parameters and the results
is less direct. It seems the angle of incidence had less effect
on the 0.1 mm specimens while the 0.2 mm specimens
became increasingly difficult to cut when increasing the
angle of incidence. The effect of the angle of incidence on
the distance through the sheet is, of course, more
pronounced with the thicker specimens. Increasing the
angle of incidence also caused redeposited melt to build up
on the sharp edge of the upper side of the kerf. This is
clearly visible in Figs. 13, 14, 15, 16 at 60° incidence
where melt is solidified up to about 35 μm from the kerf
edge.

The kerfs of many inclined specimens would surely have
been more successful without the specimen vibration,
which caused the laser pulses to scatter over a large area.
Despite the relatively small force of 0.2 N generated by the
water jet, flexible structures, like the specimens tested,
should have more support. It is also worth noting that,
despite the small force, the jet has quite high pressure,
which might pose a problem with some weaker materials.

5 Conclusions

– The 1,064 nm wavelength of Nd:YAG lasers is not
very well suited for use with longer jets because of the
absorption of the laser beam into water.

– For the laser parameters, jet diameter and pressure in
question, the value of 50 mm was found to be a fairly
reliable upper limit to the cutting distance.

– Inclined surfaces could also be cut with a shorter jet,
which transmits sufficient laser intensity to the work-
piece. Occasional vibration of the angled specimens

caused the laser pulses to scatter over a large area
impeding the cutting of a continuous kerf. Despite the
low force imposed by the water jet, flexible structures
require support to reduce vibrations.

– The water jet was susceptible to disturbances with a
long jet as even small disturbances escalate to jet
break-up further downstream.

– Melt redeposition and signs of a heat-affected zone
were observed despite the cooling water jet. It is
suggested that pulse overlap is required to enable the
water jet to pass smoothly through the material in order
to expel the melt without redeposition. Also, increasing
the angle of incidence caused some melt redeposition.

Acknowledgements The authors are grateful for the financing of
the research work, which was provided by Tekes, the National
Technology Agency of Finland, as part of a project on the
manufacturing of micromachined parts.

References

1. Synova (2002) The water jet guided laser. Synova S.A.,
Switzerland. http://www.synova.ch/pdf/microjet.pdf. Cited 28
March 2006

2. Richerzhagen B, Housh R, Wagner F, Manley J (2004) Water
jet guided laser cutting: a powerful hybrid technology for fine
cutting and grooving. ALAC 2004, Ann Arbor, Michigan,
USA. http://www.synova.ch/pdf/ALAC04.pdf. Cited 28 March
2006

3. Nilsson T, Boillat C, Mabillard G, Housh R, Wagner F,
Richerzhagen B (2004) A technological leap in stencil cutting.
On Board Technology, June 2004. http://www.OnBoard-Tech
nology.com. Cited 28 March 2006

4. Chaplin M (2005) Water structure and behavior, molecular
vibration and absorption. http://www.lsbu.ac.uk/water/vibrat.
html. Cited 28 March 2006

5. Sogandares F, Fry E (1997) Absorption spectrum (340–
640 nm) of pure water. l. Photothermal measurements. Appl
Opt 36:8699–8709

6. Nikogosyan D (1997) Properties of optical and laser-related
materials. Wiley, Chichester, England

7. Spiegel Á, Vágó N, Wagner F (2004) High efficiency Raman
scattering in micrometer-sized water jets. Opt Eng 43:450–454

8. Couty P, Spiegel Á, Vágó N, Ugurtas B, Hoffmann P (2004)
Laser-induced break-up of water jet waveguide. Exp Fluids
36:919–927

9. Richerzhagen B (2002) Industrial applications of the water jet
guided laser. Ind Laser User 28

http://www.synova.ch/pdf/microjet.pdf
http://www.synova.ch/pdf/ALAC04.pdf
http://www.OnBoard-Technology.com
http://www.OnBoard-Technology.com
http://www.lsbu.ac.uk/water/vibrat.html
http://www.lsbu.ac.uk/water/vibrat.html

	Cutting thin sheet metal with a water jet guided laser using various cutting distances, feed speeds and angles of incidence
	Abstract
	Introduction
	Theory
	Experimental procedures
	Results and discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


