
[url]www.elsevier.com

1



Shear-Force Microscopy Investigation of Roughness and
Shape of Micro-Fabricated Holes

Francesco Tantussia,∗, Daniele Vellaa,1, Maria Allegrinia, Francesco Fusoa,2,
Luca Romolib, Choudhury Abul Anam Rashedc, Marco Fiaschid

aDipartimento di Fisica Enrico Fermi, Università di Pisa, Pisa, Italy
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Abstract

The paper reports the analysis of roughness and shape of micro-machined
workpieces carried out with a specifically conceived scanning probe microscope
using the shear-force established between a vibrating tungsten tip and the sur-
face under investigation. Samples, fuel injector nozzles, were prepared by differ-
ent drilling techniques using either electro-discharge or laser-based machining
techniques. Owing to its operation in true non-contact mode and the ability to
analyse recessed surfaces, the microscope enables comparing the performance
of the drilling processes through the determination of roughness parameters of
the hole inner surface and the reconstruction of the shape at its edge. Both
finishing and morphological details, expected to be involved in determining the
fluid dynamics occurring inside the nozzle, can be captured by the developed
diagnostics. The findings reveal that the use of ultrafast laser machining can
lead to significantly improve the quality of fuel injector nozzles with respect to
the present technology standard.

Keywords: Scanning Probe Microscopy, Roughness, Laser Machining,

Micro-machining

1. Introduction

In the present technological scenario, there is a continuous demand for the
development of new devices able to meet the requirements of evolving stan-
dards. Assessment of device and technology performance requires in turn the
availability of robust and reliable diagnostic tools. An example is represented5

by the machining of fuel injector holes in automotive industry. Improving the
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efficiency of fuel spray atomisation is mandatory to meet the requirements of
the EU6 and forthcoming regulations [1]. Amount and quality of exhaust gas
emission from direct injection gasoline engines, as well as reduction of fuel con-
sumption, strongly depend on the geometrical properties of the injector nozzles10

[2]. Fuel injected through the micro-hole, typically featuring 150-200 µm diam-
eter and 250-350 µm thickness, is assumed to form a liquid core which is then
broken-up and atomised into fine droplets. The more complete the atomisation,
the cleaner and more efficient the engine operation is, since a properly atomised
fuel jet is expected to prevent wet parts in the engine. Atomisation of the fuel15

spray and jet breaking are governed by the fluid dynamics processes occurring
inside the hole, affected by the hole geometry (size, taper angle) as well as
by microscopic details of the surface finishing. They include the roughness of
the inner surface and the sharpness of the corner edge, which depend on many
factors related to both material and process parameters.20

Tools capable of investigating the machined surface at the sub-micrometre
scale must be used in order to measure the relevant quantities. This need is even
more urgent when new machining approaches are being introduced into the in-
dustrial environment, as in the case of fuel injector micro-holes. At present,
micro-Electrical Discharge Machining (µ-EDM) is a well established technique25

for drilling nozzles in diesel and gasoline injection systems. The flexibility with
respect to workpiece geometry and material is a distinctive advantage of this
fabrication approach [3]. Despite of the frequent breakage of electrodes occur-
ring when sharp and very small holes are fabricated [4], it remains the method
of choice for drilling hard conductive materials with diameters down to 5 µm.30

Other machining techniques have been proposed and demonstrated to further
improve the process performance and workpiece quality. In particular, tech-
niques based on pulsed lasers have been widely explored. Unique advantages
are offered by the use of laser tools such as, the excellent spatial resolution, a
good degree of flexibility, and the inherently true non-contact and no tool wear35

machining due to the use of an immaterial beam [5]. Application of µs and ns
laser pulses in the context of industrial micro-fabrication is concerned by the
occurrence of large heat affected zones and recast of material [6], preventing the
attainment of the required surface quality. The availability of ultra-short laser
pulses, with a duration in the sub-ps range, has recently opened the way to cir-40

cumvent the above mentioned problems, leading to a surface quality even better
than in µ-EDM-machined holes. Owing to the very high transient intensity and
small heat affected zone induced [7], ultra-short pulses prevent material melting
and the consequent recast.

For those reasons, the use of ultrafast laser sources is gaining a strong mo-45

mentum also for industrial applications. However, due to the relatively recent
introduction of laser methods in the field of micro-hole drilling for automotive
components, a careful tuning of the process parameters is needed in order to
improve the effectiveness of the technique. In addition, its assessment in terms
of quality of the machined workpiece requires the ability to reliably compare50

the surface and shape properties of the laser-machined micro-holes with those
obtained through more conventional techniques. Within this context, the abil-
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ity to measure roughness and edge sharpness with the required sub-micrometre
spatial resolution is a key point to enable the envisioned progresses in process
technologies [8]. Unfortunately, access for metrological characterisation is very55

limited to the inside surface of deep and narrow holes. Highly valuable diag-
nostics able to measure directly inside the hole have been proposed (see, e.g.,
[2]). However, despite of its destructive and time wasting nature, sectioning the
nozzle along its axis is a commonly used procedure in order to expose a curved
and recessed surface to the analysis, as carried out also in the present work.60

Scanning Electron Microscopy (SEM) is a precious tool to reconstruct the
surface morphology with an extremely large spatial resolution. Shape and size of
the holes can be duly analysed by SEM, which, however, is not suited for direct
measurement of the surface roughness. Several technical options are available
for metrological surface analysis, each approach owning distinctive advantages65

and disadvantages, whose detailed discussion is out of the scope of the present
paper. Conventional stylus profilometers have been around for many years.
They have been used to retrieve morphological information also in the context
of micro-hole fabrication (see, e.g., [9]), including, for instance, a configuration
using a cantilever-type tactile probe sensor able to penetrate into the hole [2].70

In stylus profilometers the probe has to be kept in mechanical contact with
the investigated surface, that can make probe wear or surface scratching an
issue, in particular when corrugated surfaces or soft materials are investigated.
Optical profilometry (digital optical microscopy) is a technique developed to
avoid the need for contact, while providing a fast two-dimensional morphology75

reconstruction with an accuracy depending on the actual spatial resolution of
the used instrument [12]. According to the experience with the machined parts
considered here, the optical approach can be prone to several artifacts, as also
reported in the literature (see, e.g., [11]), in particular when surfaces featuring
relevant slopes or showing a complicated texture, for instance made of different80

components, are analysed. In addition, the metrological characterisation of
the corner edge and the measurement of its sharpness cannot be achieved with
purely optical methods, even though many advancements have been carried
out in the field of optical profilometry in the last years, leading to commercial
instruments combining different technologies (see, e.g., [10]) for an enhanced85

versatility.
Scanning Probe Microscopy (SPM), in particular Atomic Force Microscopy

(AFM), represents a valuable diagnostics for surface morphology [13] able to
obtain accurate roughness information [12]. While being originally conceived
for the investigation of atomistically flat surfaces, where atomic resolution has90

been demonstrated, AFM has also been used in the context of investigation and
assessment of machined surfaces (see, e.g., [14, 15, 16]). The performance of
AFM has stimulated the development of sophisticated metrological instruments
[17], able to determine shape and surface properties with an accuracy exceeding
the nanometre level.95

According to the experience with the samples considered here, application
of conventional AFM to the practical determination of surface finishing in ma-
chined workpieces reveals several critical issues. First of all, in the conventional
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tapping-mode operation of AFM a fast oscillation is applied to the tip along
the vertical direction [18], leading to the possibility of intermittent contact be-100

tween tip and surface and eventually to tip wearing and material scratching
issues. Even though such effects can severely affect the measurements only in
the case of soft material analysis, or when ultra-sharp tips are used in order
to ensure high spatial resolution (below 10 nm), a true non-contact tool is of-
ten desirable. Moreover, large travel capabilities are needed when workpieces105

with complex shapes are analysed, which are not always found in instruments
designed for atomic-scale imaging (typical maximum vertical displacement in
AFM is around 5 µm [19]). In addition, the optical lever method generally ex-
ploited in AFM can be affected by artifacts due to scattering of stray light from
the corrugated surface, particularly relevant in the case of rough metal surfaces.110

The use of non optical methods for detecting the probe motion can suppress
such artifacts while ensuring the ease-of-use required for routine analysis, as
often needed in the assessment of machined workpieces. Finally, while flat sur-
faces can be analysed in a straightforward way by using a conventional AFM,
the shape and size of the cantilevered probes can pose physical limitations for115

accessing recessed surfaces, due to possible mechanical interactions between the
cantilever and the edges of the machined workpiece.

The main goal of the present paper is to show the metrological results ac-
quired with a specifically conceived SPM tool, namely a SHear Force Microscope
(SHFM), on cross-sectioned micro-holes for fuel injectors. In order to elucidate120

the capabilities of the instrument, samples machined by different drilling tech-
niques are investigated: µ-EDM, water jet guided laser (WJ), short (ps) and
ultra-short (fs) pulse laser machining. The inner surface roughness and the
sharpness of the generated edges are compared. The measuring procedure is
able to identify standardised values of the surface finishing and to evaluate the125

crucial parameters defining the shape of the corners of the machined micro-holes.

2. Experimental setup

Approaches based on SHFM allow keeping the advantages in terms of reso-
lution and sensitivity of AFM while virtually eliminating the above mentioned
limitations. In SPM technology, shear-forces are conventionally used to sense130

the surface as in Scanning Near-field Optical Microscopy (SNOM) [20]. Their
occurrence and behaviour are mostly due to the viscous interaction of the air
layers imprisoned between the tip, kept in oscillation parallel to the surface, and
the surface itself. Such an interaction is known to produce a strong damping
when the tip-to-surface gap decreases at the few nanometres level [21]. Remark-135

ably, in SHFM the tip is forced to oscillate only in the direction parallel to the
sample surface. Therefore, any form of contact is avoided, at least if the oscilla-
tion amplitude is kept small enough (below 10 nm in the instrument presented
here) compared to the typical spacing of surface features. This prevents tip
wearing, improving as a consequence repeatability of measurements, a key point140

when comparison between different machined surfaces is the main objective of
the research. Furthermore, in the absence of vertical oscillations, cantilevered
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probes are not needed and can be replaced by needle-like tapered tips suited to
approach recessed surfaces and to comply with complex shapes. Finally, sensing
the oscillation amplitude can be accomplished by non-optical methods, there-145

fore removing any problem related to stray light scattering and the associated
need for time wasting alignment of the optical paths. Commercially available
quartz tuning fork can be used to monitor the oscillation amplitude, according
to a method originally introduced by Karrai et al. [22] and widely used with
tapered optical fibre probes, as those customarily employed in SNOM.150

Core of the setup is the probe assembly, which includes the tip, glued to one
tuning fork prong, and a piezoelectric transducer needed to put the fork/tip sys-
tem into a dithering oscillation parallel to the sample surface, as schematically
depicted in Fig. 1(a).

Figure 1: Sketch (a) and picture (b) of the tip and sample arrangement. Note that the drawing
in panel (a) is not to scale. For reference, the diameter of the tungsten wire in the non-etched
portion, the one glued to the tuning fork prong, is 125 µm.

Tips are made by electrochemical ac-etching a tungsten wire (0.125 mm dia.)155

in a KOH solution. By properly setting the etching parameters, apical diame-
ters around fifty to one hundred nanometres can be routinely achieved. Smaller
apical diameters can be attained by using slightly modified fabrication recipes,
which were however not implemented in the present work due to their limited
reproducibility. For instance, fabrication of 10 nm tips, as assessed by electron160

microscopy, was obtained in less than 20% of the produced probes, whereas the
method applied here ensured the achievement of apical radii (50±10) nm in more
than 80% of the produced batch. Tips are then epoxy glued on one tuning fork
prong. The gluing process, assisted by a set of custom made micro-manipulators,
is controlled with an optical microscope. In particular, any unneeded excess of165

glue on the prong, which can lead to decrease the quality factor of the oscillator,
is carefully removed. The length of the probe can be made large enough (up to
several tenths of mm) to approach recessed surfaces without accidental interac-
tions of the sample with other parts of the assembly. Increasing the tip length
implies a larger mass applied to the tuning fork prong, hence a decrease of the170

quality factor of the mechanical oscillator. The experimental findings demon-
strate reliable operation of the microscope, for the purposes of the investigation
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presented here, for tip lengths up to around 10 mm, or slightly above. Figure
1(b) shows a picture of the probe setup in operation on a sectioned hole.

The oscillation is forced at a frequency chosen within the resonance curve of175

the mechanical system, e.g., detuned by less than 1% from the resonance peak
(typically corresponding to around 32 kHz). The signal produced by the tuning
fork, duly preamplified, is synchronously AM-demodulated by a lock-in ampli-
fier (EG&G 9503) in order to obtain a dc-signal proportional to the mechanical
oscillation amplitude. The dc-signal is sent to a feedback electronics, included180

in a commercial SPM controller (RHK-spm100). There, it is continuously com-
pared to a set-point value, normally chosen around 80% of the free oscillation
value. The output of the feedback circuit, duly conditioned, governs the vertical
displacement of the sample. Therefore, constant tip-to-sample gap operation is
achieved, preventing any accidental tip to surface contact.185

The sample is placed on a 3-axis piezoelectric nanopositioner (Physik Instru-
mente mod. 517), which, owing to the implementation of capacitive sensors, op-
erates in closed loop. The same nanopositioner enables both vertical, feedback-
controlled, displacement, and raster scanning of the sample under the tip. The
maximum travel is 100 µm× 100 µm in the in-plane (scan) directions, whereas190

the maximum vertical displacement is 20 µm. Joined with the large physical ac-
cessibility to the sample under investigation, this enables analysing workpieces
with complex geometries and relatively large size, including the metrological
characterisation of the corner edge.

During a raster scan of the sample, the SHFM reconstructs the topography195

map as an hi,j matrix. The hi,j (height) value is achieved at any i, j mea-
surement point upon the requirement of the constant gap established by the
feedback system, and is calibrated according to the positional accuracy of the
nanopositioner (0.1 nm, nominal, along the vertical direction). Usually, the
fast scan, along the x direction (rows), is set orthogonal to the hole axis. The200

slow scan, along the y direction (columns), is therefore parallel to the hole main
axis. The instrument is equipped with two long working-distance, high mag-
nification CCD cameras mounted along two mutually orthogonal directions for
coarse positioning the sample with respect to the tip.

The in-plane spatial resolution of the microscope depends on the sharp-205

ness of the tip, which can be determined by scanning a calibration standard
(MikroMasch TGT-01) comprising an array of silicon-based spikes with known
geometry. Due to the sharpness of such spikes (featuring a nominal radius of
curvature below 10 nm), the scan provides with an inverted image of the apical
part of the tip [23]. As-prepared probes used in the present investigation show210

an apical (tip) radius below 60 nm. Such a value, larger than the typical apical
radius of conventional scanning probe microscopes, is adequate for the purposes
of the presented research, as demonstrated by the results which will be discussed
in the following section.

Reliability of the measurements has been checked by carrying out several215

tens of subsequent scans on the same portion of one of the samples under in-
vestigation. Relative variations of the roughness parameters have been found
to be below ±5% (roughly corresponding to ± 5 nm in the evaluation of the
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root-mean-square roughness, Sq) on the basis of over 30 repeated scans of the
same portion of the sample. The reported value represents an estimation of the220

uncertainty for the obtained measurements of the roughness parameters. The
noise floor of the instrument was ascertained through repeated scans of smooth
test samples (silicon wafers) accomplished in the same experimental conditions
of the analysis presented here. Height fluctuations within ± 2 nm were found,
ascribable to electronic noise and to the presence of mechanical vibrations and225

thermal drifts in the setup.

3. Morphology of the inner surface of the micro-hole

Prior to morphological imaging, a flattening procedure is applied to remove
the global curvature due to the circular shape of the hole. To this aim, a two-
dimensional best-fit is applied and the resulting flattening surface subtracted230

to the raw data. Typically, a second-order polynomial function is used; using
a higher degree polynomial does not lead to any remarkable difference. The
procedure makes the surface to be projected over a flat plane. An example
is shown in Fig. 2, where a pseudo-3D representation produced by a specific
software [24] is presented (maps refer to a hole µ-EDM-drilled into stainless235

steel).
Remarkably, the flattening procedure removes any possible effect associated

with the non perfect alignment of the tip along the direction normal to the scan
plane on the determination of the roughness parameters. This has been assessed
by selecting a region on a sample and performing scans for different angles of the240

tip, purposely misaligned with respect to the normal to the scan plane by ap-
proximately ± 15 degrees (the maximum inclination of the investigated regions
is below 30 degrees). The consistency of the roughness parameter evaluation
was checked: in all cases, the obtained parameters showed a variation within
the above reported uncertainty (± 5%). Misalignment of the surface for larger245

angles leads to variations above the mentioned value. For this reason, scans of
very inclined portions of the samples, as for instance realised in the analysis of
the hole edge, were not used for retrieving roughness parameters.

The flattened maps are useful for a visual comparison of the finishing prop-
erties produced by the machining process, as shown in Fig. 3(a-d). In this250

example, holes produced with the four drilling techniques considered in this
paper are compared, demonstrating the capabilities of the SHFM to identify
and measure the morphological features of each sample down to the nanoscale.
Close to every map, the colour scale for the height reference is represented, dark
colours corresponding to lower surface areas (e.g., valleys, craters) and white ar-255

eas to higher peaks. No low-pass filtering has been applied to the data in order
to avoid any loose of spatial resolution.

Cross-sections of the maps along selected segments, representative of the
overall behaviour, are shown for instance in Fig. 3(e). The qualitative outcome
of the comparison is immediate because the SHFM operating conditions are260

the same for all scans. Machining with ps and µ-EDM techniques generates
considerably more perturbed surfaces. For instance, the µ-EDM-drilled hole
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Figure 2: Pseudo-3D representation before (a) and after (b) the flattening procedure described
in the text. The graph in panel (c) shows the cross sections of the topography maps, drawn
along the segments superposed onto the maps, and of the flattening surface found by the
best-fit procedure. Scan parameters for both maps: line speed 5.0 µm/s, 256 × 256 pixels,
total duration 43 min.
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shows a topography whose maximum excursion is on the order of 1 µm, roughly
five times larger than for holes drilled by WJ and fs techniques.

Figure 3: SHFM topography maps acquired on holes drilled by different techniques: ps-laser
(a), µ-EDM (b), water-jet guided laser (c), and fs-laser (d). Cross sections along the segments
superposed to the maps (e). Scan parameters for all maps: line speed 8.0 µm/s, 256 × 256
pixels, total duration 27 min.

3.1. Areal roughness parameters265

For a more detailed analysis, suitable for comparative purposes, the finishing
properties of the investigated surfaces can be summarised by using conventional
roughness parameters [25, 26]. The analysis is carried out averaging over the
whole map, leading for instance to the root-mean-square height, Sq [3, 27] repre-
sentative of the surface-averaged roughness induced by the machining process.270

Results reported in Table I, based on the whole set of scans carried out on
different samples, clearly indicates that fs-machining ensures the lowest surface-
averaged roughness, roughly a factor 5 smaller than for the standard µ-EDM
process. Conversely, the use of longer laser pulses (ps) produces an even more
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pronounced roughness. Finally, WJ-machining leads to better results in com-275

parison with standard µ-EDM, but the roughness is still larger than for fs-laser
pulse machining. As visually suggested by the images shown in Fig. 3, the over-
all dynamics of the topography, represented by the St parameter (also known
as Sz [26]) reported in Table I, follows a similar trend, even though variations
from one to another machining technique are in this case less evident than for280

Sq.
There is another important information directly provided by the topography

maps. It is clear that ps and WJ processes produce a strong anisotropy in
the surface texture. Elongated morphological features roughly aligned along
the vertical direction of the scan, corresponding to the hole main axis, are285

observed in the maps of Fig. 3(a) and (c). The occurrence of such anisotropy is
confirmed and quantitatively measured through a statistical analysis based on
Auto-Correlation Function (ACF) maps. The normalised ACF matrix is defined
as

Ai′,j′ =
Σi,jhi,jhi+i′,j+j′

Σi,jh2i,j
. (1)

The map of the Ai′,j′ matrix gives a measure of the in-plane correlation length290

between the features detected in the topography maps. For instance, in the case
of a periodical array of features, a regular array is reproduced in the ACF map,
with a spacing corresponding to the period of the original features. In the more
interesting case of non periodical arrays, the ACF matrix is still able to provide
information relevant to characterise the topography. The corresponding maps295

present a central peak, as shown for instance in Fig. 4, displaying the ACF ma-
trices obtained from the topographies reported in Fig. 3(a-d). The peak, with a
normalised (unity) amplitude, displays a shape which is an indicator of the tex-
ture anisotropy. A threshold, typically set at 0.2, is applied to the map and two
quantities Rmin and Rmax are identified as, respectively, the minimum and the300

maximum distance from the origin of the portion of the central peak remaining
visible after the thresholding process [28]. The fastest decay autocorrelation
length [26], Sal = Rmin, and the texture aspect ratio [26], Str = Rmin/Rmax,
obtained from the analysis are reported in Table I.

The fastest decay autocorrelation length, Sal, gets comparatively small val-305

ues for the µ-EDM and, in particular, for the ultrafast laser drilling (fs). The
latter is a clear signature that a dense surface texture made of relatively small
features occurs following the interaction with the laser pulses. Recast of molten
material, expected to produce larger features, is effectively prevented due to the
short duration of the interaction and the subsequent small extent of the heat310

affected zone. The texture aspect ratio parameter, Str, could not be evaluated
for samples drilled by ps and WJ techniques, at least by setting the threshold at
0.2. Only an upper bound for the parameter could be estimated (Str < 0.1 for
both techniques), since the elongated features extend practically for the whole
length of the drilled hole.315

Owing to the geometrical arrangement of the scans, where the vertical axis
coincides approximately with the hole main axis, it is possible to reconstruct
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Figure 4: Maps of the normalised autocorrelation function (ACF) for the topographies shown
in Fig. 3(a-d). Samples are produced using ps-laser (a), µ-EDM (b), water-jet guided laser
(c), and fs-laser (d). The color scale of the maps is adjusted in order to span from 0.2 to 1,
i.e., from the threshold to the peak amplitude.

Parameter Technique Unit
ps EDM WJ fs

Sq 410 340 89 73 [nm]
St 2.0 2.2 0.7 0.6 [µm]
Sal 11 2.9 8.6 1.4 [µm]
Str NA 0.61 NA 0.66

Table 1: Table I. Roughness parameters determined for samples machined by different drilling
techniques.
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the evolution of the roughness along the drilling direction. To this aim, several
scans have been carried out on the samples in order to image the inner surface
of the micro-hole along its whole length (150 µm). Then, the root-mean-square320

roughness, Rq [25], has been evaluated for every row, that corresponds to Rq at
a certain distance from the beginning of the hole.

An example of the results is shown in Fig. 5, where the evolution of the
roughness with the drilling penetration is shown for samples produced by the
four drilling techniques considered here. Besides the already presented differ-325

ences in terms of produced roughness, it is clear from the plot how the fs-laser
technique leads to finishing properties which remains almost constant while the
drilling proceeds to its end. On the contrary, in ps and WJ techniques the
roughness tends to increase with the hole depth. Finally, µ-EDM drilled holes
show marked fluctuations in the roughness value, preventing the identification330

of any trend.

Figure 5: Plots of the root-mean-square roughness Rq evaluated along 50 µm-long segments
roughly directed orthogonally to the hole main axis as a function of the distance from the
beginning of the hole. The drilling direction proceeds from left to right. Lines correspond
to samples machined by different drilling techniques, as specified in the legend. Plots are
obtained from the analysis of three distinct scans. Raw data, with no gluing, are used that
explains the line discontinuities.

This can be interpreted as a consequence of the physical mechanisms in-
volved in the processes. Using the ultrafast laser, drilling conditions are kept
almost constant during the hole finishing process; negligible material recast
occurs which could eventually lead to modify the surface encountered by the335

drilling beam. As already mentioned, a relatively long duration of the laser
pulses, like in the ps-laser technique, while promoting an efficient material re-
moval, is accompanied by remarkable modifications of the surface, where pulse
after pulse material is eventually re-deposited. A similar behaviour can be hy-
pothesised also for the water-jet guided laser machining, where, in addition,340

material removal induced by the water jet is affected by the hole depth as well.
Its efficiency is expectedly reduced when the jet must travel along the entire
hole length. Finally, the roughness produced by the µ-EDM technique can be
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associated with local fluctuations of the removal efficiency, not related with the
depth of penetration of the electrode inside the hole. However, the extent of345

such fluctuations could mask any penetration-depending behaviour.

3.2. Edge sharpness analysis

The non-obtrusive method based on shear-forces, joined with the absence
of (unwanted) physical interference between the sensor and the sample, enable
using SHFM also for carrying out metrological analysis of the machined sam-350

ples aimed at determining their shape with sub-micrometre spatial resolution.
Within the context of fuel injector fabrication, sharpness of the edge at the end
of the hole, typically set by design to produce a 90 degrees corner, is a very
relevant factor. In particular, the radius of curvature at the edge is expected
to strongly affect the fluid dynamics of the injection process, being related to355

cavitation, generation of vortices, and, more in general, to the spray atomisa-
tion process. The radius of curvature depends on many parameters involving
both the material properties and the local features of the interaction with the
ablating beam.

Owing to the sufficiently large travel range enabled by the nanopositioner,360

SHFM scans can be carried out on the area across the edge of the nozzle pro-
viding a direct measurement of the angle and of its radius of curvature. By
subsequently scanning several rectangular areas across the edge, the uniformity
of the radius along the hole circumference can also be evaluated. Such a kind
of measurements does not require any modification to the instrumental setup,365

which is able to accommodate for sample holders offering access to the area of
interest. Fig. 6(a) reports a picture of the tip and sample arrangement in the
configuration used for the analysis.

As an example, Fig. 6(b,c) shows two maps acquired on the edge of holes. In
this case, the analysis has been carried out only on samples machined by fs (b)370

and µ-EDM (c) techniques, representing the future alternative and the present
standard drilling tool, respectively. The edge of the corner is clearly visible
as a relatively sharp protrusion roughly located at the centre of the maps and
aligned along the vertical direction. The left side of the map with respect to the
edge corresponds to the nozzle, the right side to the outer part of the device.375

The cross-sections of the maps, extracted along the segments superposed
to the images, are shown in Fig. 6(d,e). In order to characterise the angle, a
best-fit of the left and right portions of each cross section to straight lines is
carried out, shown in the plots as dotted lines. The angle included between the
prolongations of such lines, representing the overall angle of the corner over the380

whole length of the cross section (30 µm, for the shown examples), is found in
the range 65-75 degrees, independently of the drilling technique. The evaluation
of the radius of curvature at the edge is then performed by making a best-fit to
a circle function of the portion of the cross section markedly diverging from the
straight lines. The choice of the fitting function has not been done in order to385

obtain the best possible agreement with the topography data, but rather to find
a parameter able to characterise the morphology of the edge. Large curvature
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radius indicate a smooth corner, whereas small curvature radius are associated
to sharp edges. The results of the best fit are shown as dotted lines in the plots.

The ability of the fs technique to produce rather sharp edges is evident. Radii390

on the order of 0.6 µm, or even smaller, can be achieved. On the contrary, the
µ-EDM technique cannot reach similar promising results and suffers also of a
strong inhomogeneity of the edge shape. In the set of investigated samples,
radii ranging through 1.2 µm to 4 µm are obtained. Furthermore, as shown in
Fig. 6(c), the ability of the instrument to detect topography variations also in395

strongly inclined surfaces indicates that µ-EDM-drilled micro-holes suffer from
relevant morphological inhomogeneities close to the edge. They can be ascribed
to the already mentioned local fluctuations of the material removal efficiency,
which, according to the presented results, are particularly relevant at the bottom
of the drilled hole. Conversely, ultrafast laser machining reveals a much larger400

accuracy in defining the edge of the hole, due to the negligible effect of material
recast and to the ability to precisely direct the ablation of the material.

Figure 6: Picture of the tip and sample arrangement for the analysis of the nozzle edge (a).
SHFM topography maps acquired on samples machined by fs (b) and µ-EDM (c) techniques.
Scan size for both maps is 30 µm × 30 µm and the vertical excursion is over 12 µm. Cross-
sections of the maps along the superposed segments for fs (d) and µ-EDM (e) drilled samples.
Dashed and dotted lines represent the results of the best-fit procedure discussed in the text.
Scan parameters for both shown maps: line speed 2.0 µm/s, 256 × 64 pixels, total duration
16 min.

4. Conclusions

In the original implementation presented here, the SHFM is a powerful tool
for roughness investigation of complex shape surfaces and for metrological char-405

acterisation of the hole edge. Topography maps are obtained by true non-contact
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operation and in the absence of the technical limitations and artifacts which
could be found when using conventional AFMs for analysing machined surfaces.
The topography maps and the subsequent roughness analysis enable assessing
the performance of different drilling techniques through a comparison of the410

obtained features imaged at the sub-micrometre scale in the same measurement
conditions.

Results can be of great interest to highlight crucial issues of machining tech-
niques and, more in general, to help obtaining a high control of the manufactur-
ing process. Therefore, the SHFM can acquire a relevant role as a complemen-415

tary technique to other diagnostics, such as, SEM, optical microscopy, with the
added value of providing the user with reliable quantitative data. On the other
hand, a detailed knowledge of the morphology of the inner surface of a hole
and of its edge can feed fluid dynamics models with realistic surface features,
opening the way to an accurate prediction of the actual functional behaviour420

of the injector nozzle. Efforts are presently devoted to extend SHFM usability
to the realm of nano-tribological analysis, where the occurrence of controlled
oscillations of the tip along the direction parallel to the surface can be useful
for sensing friction effects at the local scale.
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