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Recent progress in manufacturing now enables the efficient fabrication of complex oxide-glass compo-
nents at the micrometer– to sub-micrometer scale. This benefits both the industry and fundamental
research as such miniature glass parts have numerous applications. However, at these length-scales,
the mechanical properties of glasses can no longer be predicted based on bulk material characteristics.
Here it is shown that fused silica micro-pillars fabricated by laser-assisted etching are almost ten times
stronger than their bulk-sized counterparts. The relatively rough surface typical for this process does not
much impair this strength. Additionally, it is demonstrated that annealing of the as-fabricated structures
at 1200 �C in air results in significantly smoother surfaces. The accompanying increase in mechanical
strength from approximately 8 GPa to 10 GPa is due to the reduction of stress concentrations at the sur-
face, as demonstrated by finite element simulations. It is also demonstrated that the gain in mechanical
resistance of glass components due to downsizing occurs already for parts as large as almost 20 mm –
orders of magnitude above the critical size reported for other micro-mechanical effects. These micro-
mechanical properties of selective laser-assisted etching structured fused silica components are key to
a reliable use of glass micro-components.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Micrometer-sized components made of fused silica (amorphous
SiO2) are of increasing technological and scientific importance with
applications in, for example, sensors [1], micro-fluidics [2], medical
technology [3], data storage [4], and photonics [5]. This wide field
of application is mainly due to this material’s high thermal-,
chemical-, and mechanical-resistance, as well as its low thermal
expansion and excellent optical qualities. The dimensions of such
glass micro-components and their microstructures typically range
from a few millimeters down to a few micrometers. Technological
progress based on such components therefore relies on the capa-
bility to micro-manufacture glasses with ever-increasing complex-
ity, miniaturization, and quality.

In the past, planar micro-fabrication processes based on con-
ventional semiconductor photolithography with subsequent stack-
ing and bonding of substrates used to be the only viable process
that allowed for the fabrication of three-dimensional hollow archi-
tectures [6]. The drawback of this approach lies in the limited pos-
sibility of freestanding features, and the need for time-consuming
stacking and bonding of substrate layers. Other techniques, such as
high-precision mechanical machining [7], selective laser melting
[8], wire feeding in combination with laser melting [9], molten
glass 3D-printing [10], fused deposition 3D-printing [11], or stop-
flow lithography [12], have all demonstrated a certain potential,
however none of those techniques has made it to date to commer-
cialization. A notable exception to this is the stereolithographic 3D
printing technology developed by Glassomer� based on a break-
through from 2017 [13]. The basic approach of this method consist
of pre-shaping a part with a silica nanocomposite and subsequent
annealing for debinding and sintering. Later on, this technique has
also been extended to work with a wide range of glass composition
other than pure SiO2, and now even allows for the introduction of
controlled chemical heterogeneities [14].

In the meantime, the structure-modifying effects of pulsed fem-
tosecond laser on transparent materials had been studied exten-
sively [15]. In principal, ultrafast laser pulses can cause nonlinear
absorption effects at the focal point. This accumulation of high
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energy can then lead to the formation of voids, melting, birefrin-
gent modifications, refractive-index changes, cracks, and color-
centers [16]. An extensive review on the physical mechanisms of
nonlinear absorption and the thus resulting laser-induced optical
breakdown can be found elsewhere [17].

The first technological applications of these phenomena were
found in three-dimensional binary data storage [18,19], optical
waveguides [20] and waveguide splitters [21]. However, it was
not until almost 20 years ago that this micro-patterning was first
exploited for micro-machining purposes by combing it with selec-
tive chemical etching [22]. The increased etch-selectivity of irradi-
ated areas originates from a chain of events that starts with the
non-linear absorption of the laser radiation [23]. The thus gener-
ated free carrier plasma causes the ionization of the silica. Such
micro-explosions result in a shell of densified material around
the focal spot, which is characterized by a modification of its struc-
ture towards decreasing bridging angles of SiO4 units. This distor-
tion in the bridging angles increases the reactivity of the oxygen
atoms due to a distorted configuration of the oxygen’s valence
electrons. Consequently, the irradiated areas will show a signifi-
cantly increased etch-rate in, for example, HF or KOH compared
to the pristine material.

Today, femtosecond laser irradiation followed by selective wet-
chemical etching of the irradiated volumes (hereafter called selec-
tive laser-assisted etching, SLE) stands out as a commercially viable
shaping process for multiple reasons. Firstly, it is possible to create
freeform hollow structures; secondly, it works for many types of
glasses; and thirdly, it allows for rapid prototyping in R&D as well
as for serial production. The technique is also known, amongst
other names, as femtosecond laser irradiation followed by chemi-
cal etching (FLICE), femtosecond laser assisted etching (FLAE),
and in-volume selective laser etching (ISLE), and it has been com-
mercialized, amongst others, by LightFab� (Aachen, Germany),
femto-EtchTM (Franklin, OH, USA) and FEMTOprint� (Muzzano,
Switzerland).

One concern with glass parts shaped by SLE is the default sur-
face roughness after chemical etching. Due to the finite laser spot
size and stepped lateral and vertical scanning during writing, the
surfaces typically exhibit high Sa values of 50–700 nm [24–27]
(the difference in height of each point compared to the arithmeti-
cal mean of the surface). Several strategies have been reported to
improve the surface quality, including post-annealing of the entire
glass part in a furnace [24,28–31], or flame polishing [32] and
laser-polishing [33] of only the surfaces. Note that only bulk
annealing in a furnace works for internal walls in hollow
microstructures because the material is opaque to the typically
used CO2 laser. In common to all these approaches is that the glass
is heated to above the glass transition temperature Tg, where the
reduced viscosity allows the surface to relax within seconds to
hours. This additional heat treatment allows to control the final
surface quality in an efficient way.

Despite the great potential of SLE for the fabrication of
micrometer-sized components and its commercial availability,
there are only very few reports on the micro-mechanical perfor-
mance of glass parts fabricated by this method [34–36]. Further-
more, no reports exist on the influence of the initial surfaces
roughness on the mechanical properties. This lack of knowledge
is unfortunate since the mechanical properties of such small parts
generally exceed those of their bulk counterparts. For bulk-sized
samples it is known that their practical strength is usually limited
by flaws on the surface such as micro-cracks that originate from
manufacturing, processing, and handling [37]. Brittle failure at
those ‘weakest links’, i.e. crack nucleation and propagation, will
inevitably precede the material’s intrinsic strength and deforma-
2

tion mechanisms [38]. However, as glass parts become increasingly
smaller, the probability for the occurrence of preexisting flaws, as
well as their sizes, decreases and their strength-limiting influence
consequently minimizes. Therefore, by fabricating increasingly
smaller glass structures, one can expect to approach the theoretical
strength of glass that is only controlled by intrinsic atomic interac-
tion [37].

Here, uniaxial micro-pillar compression tests are performed on
a series of SLE fabricated fused silica micro-pillars, on both pristine
and with variable post-annealing times ranging from 1 to 4 h at
1200 �C. The resulting mechanical properties are then correlated
with surface characteristics from AFM measurements and the
influence of surface imperfection on the mechanical strength is
investigated by finite elements (FE) modelling. This combination
of experiments and modelling provides new insights into effects
of surface roughness on the mechanical strength of glass micro-
components. This is relevant for the optimization of micro-
fabrication, balancing dimensional accuracy, surface quality, and
mechanical strength.
2. Methods

2.1. Fabrication

Modifications of etching-selectivity in pristine fused silica glass
(UV-grade, Siegert Wafer GmbH, Supplementary Fig. 1) were
induced by focusing a circular polarized laser (wavelength = 103
0 nm, pulses duration = 1 ps) into the fused silica substrate. The
laser was focused by a microscope objective with a magnification
of 20x and a numerical aperture of 0.4. The resulting voxel-
volume was in the range of a few micrometers. To inscribe the
micro-pillars, the basal area of a recess was defined first, followed
by the basal area of the micro-pillar centered in that recess, by ver-
tically stacking circles at intervals of 5 mm (Fig. 1a, green lines). The
remaining volume was then sliced up into cubes (Fig. 1a, red lines).
Preferential etching along the green and red lines subsequently
removed the excess volume, leaving only the freestanding micro-
pillars. The substrate was wet-chemically etched for 6 h using
potassium hydroxide (KOH). The KOH solution had a concentration
of 8.5 ± 0.5 mol/l and was heated to a temperature of 80 ± 3 �C.
Nominal dimensions of 30 mm height and 30 mm diameter resulted
in micro-pillars of approximately 17 mm diameter and 28 mm
height. Alongside the samples with the micro-pillar arrays, equiv-
alent samples in the same batch containing a larger monolithic
structure with lateral access were produced (Fig. 1b). These larger
oval pillars were inscribed with a strategy equivalent to that for
inscribing the round micro-pillars. The large and flat sidewalls
are used to analyze the surface topography on a non-curved sur-
face with unrestricted view at 90� to the surface using AFM. Four
samples, each consisting of a 6x6 array of micro-pillars, from a sin-
gle batch with identical nominal dimensions, were subjected to
annealing at 1200 �C, for 1 h, 2 h, 3 h, and 4 h, respectively. The
annealing was performed in a muffle furnace in air at heating-
and cooling rates of approximately 10 �C/min.
2.2. Dimensions

High-resolution SEM images were recorded before and after the
compression tests at 5 kV accelerating voltage and 10 mA probe
current using a Hitachi S4800 SEM. The pillar dimensions were
measured using confocal microscopy (S neox, Sensofar, Barcelona).
The top-radii of the increasingly rounded pillar tops were defined
by the maximal possible area that could be set to sharp focus under



Fig. 1. Fused silica micro-pillar structures. (a) CAD model of Single micro-pillar, green lines define the basal area of the trench and the micro-pillar, red lines slice up the
excess volume. Selective chemical etching along the green and red lines will reveal a micro-pillar. (b) Laterally exposed micro-pillar and larger oval pillar structure with flat
sidewalls, each produced with equivalent inscribing-strategies for surface characterization. (c) Overview of micro-pillar-array of 36 circular trenches with a single micro-
pillar in the center of each trench and diamond flat-punch positioned over one micro-pillar. (d) Exemplary close-up view during a micro-pillar compression test shortly before
failure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the optical microscope. The assumed flatness has therefore a max-
imal deviation of approximately 0.7 mm, corresponding to the
depth of focus of the 100x-objective with NA = 0.90 in use. This
method returns an almost linear relationship between radii and
annealing time (Supplementary Fig. 2). Similarly, the height was
calculated based on an average level from the rough surrounding
ground to the level were the radii were measured. These values
were compared with those obtained using SEM images and no sys-
tematic deviations were noted.

2.3. Mechanical testing

Uniaxial micro-compression experiments were performed
using an Alemnis Standard Assembly nanoindenter equipped with
a 50 mm flat-top diamond punch and integrated in a Hitachi
TM3030 Tabletop SEM (Fig. 1c and d). All measurements were per-
formed with the electron beam switched off. The compression
experiments were performed displacement controlled at a con-
stant speed of 0.1 mm/s, corresponding to an approximate strain
rate of 0.0036 s�1. Due to the relatively large diameter of the pil-
lars, the load sensor was recalibrated to a maximal force of 2 N.
The raw force–displacement curves were corrected for an empiric
instrument compliance as well as for the pillar sink-in into the sub-
strate using Sneddon’s correction [39]. Stresses were calculated
based on the topmost pillar diameter, which in turn were averaged
from measurements of 5 individual pillars. A linear fit to the seg-
ment of the load curve from 50% to 75% before failure was off-
set along the strain-axis by 0.2%. Its intersection with the
experimental stress–strain curve resulted in the reported yield
points. The failure points were detected by abrupt brittle failure
resulting in a complete load drop. Final strength values and their
standard deviations were calculated based on 20 measurements
each.
3

2.4. Atomic force microscopy (AFM)

The measurements were performed using a NT-MDT NTEGRA
Spectra AFM/Raman Spectroscopy system. All measurements were
conducted in tapping (semi-contact) mode, using standard Bruker
RTESPA 300 tips, made of Si with reflective Al layer on the back,
with a nominal and maximal tip radius of 8 nm and 12 nm, respec-
tively. The scanning fields were 30x30 mm2. The raw data were post
processed and analyzed using Gwyddion software. Post processing
included cropping (to exclude scars and noisy regions), first order
polynomial background subtraction (to correct for micro-tilts of
the samples on the holder), and setting the zero on the level of
the lowest point. The surface roughness parameters were deter-
mined using the ‘‘Statistical Quantities” function of Gwyddion.

2.5. Finite element analysis

The calculations of stress-concentration due to an uneven sur-
face was based on one-dimensional profiles extracted from the
AFM data. To this end, five representative surface profiles were
selected that have Ra values equal to the Sa values of the surfaces,
each for the pristine sample and the sample annealed during four
h. Static axisymmetric finite element simulations were then per-
formed using Comsol Multiphysics 5.5. The roughness of the
micro-pillar was modeled by importing the representative line
profiles from the AFM data. A mesh was generated consisting of
12,000 triangular domain elements and 760 boundary elements.
A constant pressure was applied at the top of the micro-pillar,
the bottom nodes were fixed in all directions. To identify the effect
of roughness on the stress concentrations at the micro-pillar sur-
face, the von Mises stress profile at the boundary was exported.
This process was repeated for 5 representative profiles for the as-
etched micro-pillars and 6 representative profiles of the 4 h



Fig. 3. Mechanical Strength. (a) Yield- and failure strength as function of annealing
time for SLE fabricated fused silica micro-pillars, measured by uniaxial micro-
compression with a strain-rate of 0.004 s�1. (b) Maximal strains of micro pillars as a
function of annealing time.
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annealed micro-pillars. A moving-average filter with a smoothing
window of five points smoothed the stress-profiles. The average
maximum stress concentration and standard deviation for each
case was calculated from five profiles.

3. Results

3.1. Morphology

Representative SEM images of the as fabricated and annealed
micro-pillars are shown in Fig. 2a. Surface topographic measure-
ments of the sidewall (Fig. 2b) and the surface parameters SA
(Fig. 2c) quantitatively reflect the successively smoother surface
of these pillars. The average roughness (SA) amounts to 232 nm,
214 nm, 197 nm, 176 nm, and 138 nm for the pristine and the pro-
gressively longer annealed samples, respectively. The average
height (28 ± 1.0 mm) remains unchanged throughout the annealing
steps. However, due to progressively rounded top edges, the top-
most diameter decreases from 16.9 to 13.8 mm with increasing
annealing time (Supplementary Fig. 2). Much longer annealing up
to 12 h continues to relax the surface, resulting in a completely
rounded stump (Supplementary Fig. 3).

3.2. Mechanical strength

The stress–strain curves from the uniaxial micro-compression
tests are shown in Supplementary Fig. 4. The extracted mechanical
characteristics are summarized in Fig. 3. The yield strength
increase significantly with increasing annealing time from approx-
imately 8 GPa to 10 GPa. Similarly, peak stress before brittle failure
increases from approximately 8 GPa to 12 GPa. The increasing
Fig. 2. Annealing results (a) SEM images of a series of SLE fabricated fused silica glass pillars, annealed at 1200 �C in air for progressively longer durations. The pillar diameters
are detailed in Supplementary Fig. 3. (b) Topography of SLE processed surfaces measured by AFM. (c) Surface roughness Sa as a function of annealing time at 1200 �C,
calculated from AFM data.
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difference between yield and failure strength is accompanied by an
increasing plastic strain before failure from 0.7% to 2.5%, while the
elastically accommodated strain tends to slightly decrease with
increasing annealing time. The total strain before failure is rela-
tively constant throughout the series and amounts to approxi-
mately 15%. The average maximum stress concentration factor
due to the troughs formed by the rough surface was calculated
to amount to approximately 2.3 in the case of the pristine pillars,
compared to approximately 1.4 after four h of annealing at
1200 �C (Fig. 4).
4. Discussion

4.1. Morphology

The initial surface roughness of the micro-pillars after laser
writing and etching is, as expected, relatively high. The surfaces
of as-fabricated pillars display a pattern of overlapping spherical
pits with dimensions corresponding to the size of the focal spot
of the laser in use. The resolution limit of the SLE process is thus
approached. However, as demonstrated already by previous stud-
ies, a post-annealing step can result in a surfaces quality that sat-
isfies smoothness requirements as strict as for photonic
applications [32]. Here, a gradually increasing smoothness of the
glass structures with increasing annealing time was observed. At
the same time, the overall morphology is relatively well retained,
except for intentionally sharp edges such as the top rim of the pil-
lar structures, which become progressively rounded (Supplemen-
tary Fig. 5).
Fig. 4. Axisymmetric FE analysis of stress concentration during uniaxial compres-
sion due to surface troughs. (a) Representative surface profiles and the calculated
stress concentration factor. (b) Average maximal stress concentration factors based
on five individual profiles for each case.

5

To understand the influence of the annealing temperature and
time on the shape, it is important to revise the available processes
by which atoms in the material may be transported during anneal-
ing. The smoothing of an initially rough surface is driven by the
minimization of the surface free energy. Because glass is a physi-
cally and chemically isotropic material, the minimization of sur-
face free energy is equivalent to the minimization of the
geometrical area of the solid [40]. Depending on the temperature
range, evaporation–condensation, bulk diffusion, surface diffusion,
and viscous flow are the possible flow mechanisms that are cap-
able of relaxing this surface-tension [40,41]. While evaporation–
condensation can be excluded in this case because it becomes only
active above the melting temperature (Tm), one cannot, without
further efforts, discuss the absolute importance of the individual
mechanisms. Qualitatively, however, it is speculated that signifi-
cant viscous flow must occur in order to flatten micrometer-
sized surface features.

Importantly, viscous flow at high temperatures is controlled by
the dynamic viscosity g, which in turn is also dependent on the
OH-content [40,41]. Fig. 5 displays a temperature and viscosity
scale with temperature points relevant for processing. In glass
manufacturing terms, the chosen annealing temperature of
1200 �C in this study lies above the annealing point of 1060 �C
(manufacturer’s data sheet in Supplementary Fig. 1). By definition,
the annealing point is the temperature at which the glass shows a
reduced dynamic viscosity of 1012 Pa�s. Under these conditions,
microscopic internal stresses in the glass are relieved within min-
utes [42]. Yet, the annealing temperature of 1200 �C lies still much
below the softening point of 1585 �C, defined as the temperature at
which the glass shows a further reduced viscosity of 106.65 Pa�s. At
this viscosity, macroscopic glass parts are sufficiently soft to
deform under their own weight.

In glass physics terms, the annealing temperature of 1200 �C
lies just above the glass transition temperature Tg of 1145 �C (for
fused silica with an OH-content of 1000–1300 ppm [43]). Above
Tg, the ionic mobility is high enough for perceptible rearrange-
ments of the structure to occur over laboratory time scales [44].
As a result, the glass will respond to an external stress in a vis-
coelastic manner.

He et al. also successfully adopted post-annealing at 1200 �C of
SLE fabricated glass microstructures [30]. After 5 h annealing, they
reported a reduction of the average roughness Sa from 102 nm to
5 nm for an area of 10 lm � 10 lm, and from 278 nm to 44 nm
for an area of 50 lm � 50 lm. Here, after 4 h at 1200 �C, a reduc-
tion of Sa from 232 nm to 138 nm is observed, as measured by AFM
on an area of 15 � 30 lm.

It is clear that a higher annealing temperature will reduce the
required annealing time. In the extreme case of flame polishing
with an oxyhydrogen torch, temperatures beyond the melting
point of fused silica require processing times of merely a few sec-
onds [32]. It is also expected that the heating- and cooling rates
may have an influence on the mechanical behavior. Quenching or
slow cooling can result in the buildup or the relief of residual stres-
ses, which in turn may control the mechanical behavior. However,
the process optimization of the annealing step in terms of heating-
and cooling rates, target temperatures, and dwell-time is beyond
the scope of this article.

4.2. Mechanical strength

The pristine micro-pillars have an average yield strength of
approximately 8 GPa at a maximal strain of almost 15%. These val-
ues agree well with, or even exceed, previously reported strength
values (Table 1) [46–49]. However, shortly after reaching the yield
point, the micro-pillars fail abruptly in a brittle manner (fracture
surfaces are shown in Supplementary Fig. 6). This is in contrast



Fig. 5. Viscosity reference points of fused silica. The viscosity of fused silica containing 1200 ppm OH as a function of temperature alongside characteristic glass processing
temperatures [43,45].

Table 1
Literature survey of fused silica micro-pillar compression experiments.

Yield Strength
(GPa)

Strain Rate
(s�1)

Electron
Beam

Pillar Diameter
(mm)

Pillar Height
(mm)

Pillar Taper
(�)

Fused Silica Type, Supplier Sample
Fabrication

Reference

8.0(4) – 9.7(3) 0.0035 Off 14–17 28 0 UV-grade, Siegert Wafer GmbH SLE This
Study

1.5(5) – 8.9(5) 0.0008 –
1335

On 1.4 5.18 6 UV-grade, Siegert Wafer GmbH RIE [49]

7.0(5) 0.025 On 4.8 4 6 GE124, Won Ik Quartz Europe
GmbH

RIE [48]

7.0(5) 0.0017 Off 3.1 4.75 4 n.a., Neyco SA RIE [47]
7.6(5) n.a. Off 0.17 n.a. n.a. n.a., n.a. RIE [46]
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to the much-discussed micro-plasticity that follows the yield point.
The micro-pillars investigated here appear to be above the size-
limit for this intrinsic deformation mechanisms to occur. Yet, they
still exceed the bulk mechanical compression strength of 1.1 GPa
(Supplementary Fig. 1) by a factor of eight.

Our results indicate that SLE fabricated micro-pillars approach
the theoretical strength of fused silica, only controlled by intrinsic
atomic interaction. Such inert–intrinsic strength values of fused
silica at room temperature have been calculated to vary from 13
to 30 GPa [37]. Experimentally measured inert–intrinsic strength
values, on the other hand, are reported at around 10–12 GPa
[50]. Meanwhile, the accompanying fracture strains are consis-
tently reported at around 20–23%.

The largest possible error source for the strength values
reported here is the diameter of the pillars. While the diameter
of the pristine pillars can be accurately measured thanks to the
sharp top edges, this task becomes more and more difficult for
the annealed pillars due to progressively rounded pillar top edges
(Supplementary Fig. 5). To illustrate the importance of this issue,
the theoretical diameter was marked, which would result in a con-
stant yield strength relative to the pristine pillar, onto the SEM
image of a pillar that was annealed during 4 h (Supplementary
Fig. 7). It becomes clear from this consideration that the annealed
pillars at least retain the yield strength of the pristine pillars. It
should further be noted that the height of the pillar theoretically
has no influence on the mechanical strength. In reality however,
it is important that the aspect ratio of diameter to height is in
the range from 1:1 to 1:3. At smaller ratios, plastic buckling can
occur, while at ratios larger than one boundary effects play an
important role as the stress near the ends of the pillars is triaxial.
The assumption that the stress in the majority of the pillar is uni-
axial does not hold true anymore.

Our FE analysis based on surface profiles measured by AFM pre-
dicts an average stress concentration factor of approximately 2.3 at
6

the low-points with the highest curvature in the case of the pris-
tine pillar. After annealing during four hours, this factor is reduced
to 1.3 (Fig. 4). However, this value is likely to be overestimated due
to the rotational symmetry of the model. The one-dimensional
extension of the low-point around the entire pillar in the model
is in reality zero-dimensional. Yet it supports the present experi-
mental finding of an increase in yield stress with an increasingly
smoother surface.

Further contributions to the mechanical strength of the
annealed micro-pillars may originate from structural annealing
above Tg. It is known that the glass transition temperature depends
on the cooling rate. Depending on the cooling rate, fused silica can
therefore be recovered to ambient temperature with varying den-
sity. This can affect, for example, elastic, optic, and rheological
properties [51]. In order to quantify such a dependence on the
thermal history, a given annealed fused silica specimen can be
assigned with a fictive temperature TF, corresponding to the tem-
perature at which a sample’s particular structures was ’frozen in’
during cooling [52].

To account for potential influences of TF on the mechanical
properties in the present study, Raman spectra were recorded of
the pristine and annealed micro-pillars (Supplementary Fig. 8).
According to reference [53], TF can be determined from Raman
spectra using an empirical relationship based on the so-called r-
parameter as defined by [54]. Using this method, we determined
TF of the pristine and annealed material—regardless of annealing
duration—to be approximately 1270 �C and 1190 �C, respectively.
This difference in TF corresponds to a relative density difference
of approximately 0.03% [55] and a relative increase of Vicker’s
hardness of approximately 0.3% [56]. The expected changes in
mechanical properties due to different TF for the present study
are therefore deemed insignificant. Further support of this conclu-
sion is found in the fact that the strength of fused silica found in
the present study changes gradually with increasing annealing
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duration. Meanwhile, TF of the corresponding samples is only dif-
ferent between pristine and annealed samples irrespective of
annealing duration, and therefore without significant correlation
(Supplementary Fig. 8).

In addition to bulk structural annealing effects during post fab-
rication treatment, it has also been reported that the interaction of
femtosecond laser and its associated localized temperature peaks
can have similar consequences for TF [57]. Here, however, it is
assumed that all the modified volume that was exposed to the
laser irradiation has been removed by the chemical etching. In fact,
it is due to this very effect that one can achieve an increased etch-
rate for femto-second laser irradiated structures [23]. Finally, while
OH diffusion can be excluded at the 1200 �C [58], one cannot, at
this point, exclude any other diffusion process.

To our knowledge, the micro-pillars investigated here, with a
diameter of approximately 17 lm are the largest structures that
have been reported to demonstrate strength values that approach
the material’s intrinsic strength range – irrespective of the trend of
the yield strength with increasing annealing duration. This is even
more surprising when considering that this strength was observed
for the non-annealed micro-pillars with far from smooth surfaces.
Apparently, the rough surface, which results from the SLE process,
does not imply significant microscopic structural flaws. In fact, it is
believed that it is rather pristine (i.e. perfect). Any defects that may
arise through the intense femtosecond laser beam is completely
removed by slight over-etching [32]. This is in contrast to other
subtractive manufacturing methods such as for example reactive
ion etching (RIE) or focused ion beam (FIB) milling, where ion
implementation can cause significant structural alterations [59].

Support for this assumption was also found in a study on excep-
tional flexural strength of SLE fabricated fused silica micro-
components [34]. Bellouard et al. measured the failure strength
on bending fused silica flexural micro-hinges. These hinges fea-
tured a similar surface roughness as reported here. Increasingly
longer etching durations resulted in a linearly decreasing Sdq
value, which measures the mean slope of a surface. However, no
systematic change of Sa was observed. The decrease in Sdq was
correlated to a decreasing influence of stress concentrators, which,
in turn, allows for increasing mechanical strength.
5. Conclusion

It was demonstrated that femtosecond-laser assisted etching
allows for efficient production of mechanically strong – although
rough – microstructures. In fact, the compressive strength of the
model-structures investigated here in the shape of micro-pillars
exceeds the bulk strength of fused silica by a factor of eight. This
can be explained by a micro-scale effect whereby increasingly
small volumes contain ever fewer preexisting flaws that limit the
practical strength. Typically, the transition from the bulk- to the
micro-mechanical regime is discussed at dimensions around
1 mm, below which one can observe irreversible micro-ductility
[47]. In terms of yield strength increase, however, a micro-scale
regime is observed already at sizes between 10 and 20 mm. This
means that the SLE process leaves the glass parts – on the atomic
scale – with defect-free surfaces, which is in contrast to mechanical
milling, reactive ion etching and focused ion-beam milling.

Furthermore, it was demonstrated that post-fabrication anneal-
ing at 1200 �C in air is capable of smoothening the SLE processed
surfaces. This can be important, for example, for low friction
mechanic–, fluid dynamic–, or optical applications. As a conse-
quence, also the mechanical strength increases significantly. FE
analysis demonstrated that the typical troughs that result from
the laser interaction can act as stress concentrators up to a factor
of two.
7

It is believed that the SLE process perfectly bridges the manu-
facturing at intermediate length-scales that are too small for
mechanical machining while too large for micro- to nano-
structuring methods such as reactive ion etching or focused ion-
beam milling. In addition, it offers unique advantages in free-
form and hollow structure fabrication.

While the mechanical characterization of glass micro-
components for technical applications is still rare, there is still
much to be learned. For instance, it would be worthwhile to per-
form micro-tensile experiments on adequate test structures. Ulti-
mately, mechanical properties of microstructures could also be
tailored by manipulating the internal stress-state via femtosecond
laser irradiation or chemical strengthening subsequent to fabrica-
tion process. For example, parts could be mechanically reinforced
by local gradients from a tensile to compressive state, as has been
reported previously [60,61].

In conclusion, this study highlights an opportunity in designing
and manufacturing of glass micro-components. By means of high-
temperature annealing the dimensional accuracy, surface quality,
and mechanical strength can be balanced to obtain optimal perfor-
mance depending on the specific technical requirements. Further-
more, the annealing is carried out in air without the need for
specialized furnaces and presents therefore an inexpensive, indus-
trially viable method.

6. Data availability

The raw and processed data required to reproduce these find-
ings cannot be shared at this time as the data also forms part of
an ongoing study.
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