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ABSTRACT: The precise measurement of mechanical stress at the nanoscale
is of fundamental and technological importance. In principle, all six
independent variables of the stress tensor, which describe the direction and
magnitude of compression/tension and shear stress in a solid, can be
exploited to tune or enhance the properties of materials and devices.
However, existing techniques to probe the local stress are generally incapable
of measuring the entire stress tensor. Here, we make use of an ensemble of atomic-sized in situ strain sensors in diamond
(nitrogen-vacancy defects) to achieve spatial mapping of the full stress tensor, with a submicrometer spatial resolution and a
sensitivity of the order of 1 MPa (10 MPa) for the shear (axial) stress components. To illustrate the effectiveness and versatility
of the technique, we apply it to a broad range of experimental situations, including mapping the stress induced by localized
implantation damage, nanoindents, and scratches. In addition, we observe surprisingly large stress contributions from functional
electronic devices fabricated on the diamond and also demonstrate sensitivity to deformations of materials in contact with the
diamond. Our technique could enable in situ measurements of the mechanical response of diamond nanostructures under
various stimuli, with potential applications in strain engineering for diamond-based quantum technologies and in
nanomechanical sensing for on-chip mass spectroscopy.
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Pressure is a powerful thermodynamic variable often used
to modify a material’s properties.1 Most notably, strain

enhances the charge carrier mobility in modern electronics.2−4

It allows the tuning of the optical properties of materials,5−7

can confer them with a ferroelectric nature,8,9 or even make
them better superconductors.10 Despite these successes, strain
engineering is still a largely unexplored field considering the
huge parameter space available; indeed, stress is characterized
by six parameters (three axial components and three shear
components, defining the stress tensor), which, in principle,
can be continuously and independently varied over many
orders of magnitude to optimize the functional properties of
materials.1

Key to further innovations is the ability to characterize stress
at the nanoscale, and in particular to quantitatively determine
the six components of the stress tensor. Existing methods to
probe stress in solids typically rely on the interaction between a

beam of probe particles (usually electrons or photons) with the
stressed material.11−19 However, these techniques are generally
sensitive to only one or a convolution of the stress
components. Exceptions include off-axis electron holography,20

but at the cost of sample destruction to produce suitably thin
lamellae (under 200 nm thickness, which may cause strain
release), and off-axis Raman spectroscopy,21,22 which is not
typically compatible with high-resolution imaging. In this work,
we describe a radically different approach, which relies on
atomic-sized strain sensors embedded into the material to
characterize the local strain. In recent years, several materials
have been found to host such in situ quantum sensors, in the
form of optically addressable point defects that exhibit strain-
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dependent energy levels. These include diamond,23−25 silicon
carbide,26 and silicon.9 To date, however, real-space imaging of
the full stress tensor using in situ sensors has remained elusive,
in part due to the difficulty of addressing a sufficiently dense
ensemble of sensors while retaining the capability to extract all
the tensor components.
The in situ quantum sensor employed in this work is the

nitrogen-vacancy (NV) defect in diamond.27 It is a point defect
with a spin-1 electronic ground state and a spin-dependent
photoluminescence (PL), allowing optically detected magnetic
resonance (ODMR) spectra to be recorded at room temper-
ature.28 By carefully analyzing the ODMR response of a dense
layer of randomly oriented NV defects in a single crystal
diamond, we are able to reconstruct the entire stress tensor
and demonstrate wide-field two-dimensional (2D) mapping
with submicrometer spatial resolution. Previous works have
achieved 2D imaging of a single strain component29,30 (using a
single NV orientation) and outlined a method to extract the
entire tensor23 (using several well resolved single NV centers
with different orientations). Single NV defects have also been
proposed for nanomechanical sensing, including vector force
sensing and mass spectroscopy.25 We apply the technique to
spatially nonuniform strain features induced by scratches,
implantation damage, nanoindents, and devices fabricated on
diamond. These results establish NV-based wide-field stress
mapping as a powerful technique for nanoscale mechanical
studies of diamond, which is an interesting material for
nanomechanical applications with extreme mechanical proper-
ties and sometimes unexpected strain−stress relationships.31

The technique may also facilitate strain engineering for
diamond-based quantum applications32−38 and find applica-
tions in multiplexed nanomechanical sensing for mass
spectroscopy and microfluidics.39−42

The experimental setup is depicted in Figure 1a. It consists
of a wide-field fluorescence microscope equipped with
microwave excitation to allow the spin transition frequencies
of the NV centers (ω±, Figure 1b) to be probed via ODMR
spectroscopy.28 These frequencies depend on the spatial
distribution of the unpaired spin density and so are sensitive
to the local strain in the lattice, or equivalently25 to the local
stress, which can have axial and shear components (Figure 1c).
As we will see, the use of multiple NV orientations (Figure 1d)
enables the full reconstruction of the local stress tensor. By
using a thin layer of NV centers near the diamond surface, we
can then spatially map the stress tensor in two dimensions and
study the effect of localized strain-inducing features (Figure
1e). We note that the presence of the NV centers and other
unavoidable defects such as substitutional nitrogen may also
contribute to the net measured stress.43

The fine structure of the NV electronic ground state (Figure
1b) is governed by the simplified spin Hamiltonian44−46

γ= + + ⃗· ⃗ − −

+ +

H D S B S S S

S S S S

( ) ( )

( )

i Z Z i X X Y

Y X Y Y X

2
NV

2 2
i i i i i

i i i i i (1)

where D ≈ 2.87 GHz is the temperature-dependent zero-field
splitting parameter, γNV = 28.035(3) GHz T−1 is the NV
gyromagnetic ratio,27 ⃗ =S S S S( , , )i X Y Zi i i

are the spin-1
operators, B⃗ is the applied magnetic field, and

⃗ = ( , , )i X Y Zi i i
is the effective electric field asso-

ciated with mechanical stress, where we neglect any residual
true electric field caused by charge effects47,48 (Supporting
Information, Section IV). Here (XiYiZi) is the coordinate
system of the NV defect structure (Figure 1f), and the index i
= 1,2,3,4 denotes the NV orientation with respect to the

Figure 1. Stress-tensor mapping with nitrogen-vacancy centers. (a) Diagram of the experimental setup, depicting a diamond sensing chip mounted
on a glass coverslip with a microwave (MW) resonator. The layer of nitrogen-vacancy (NV) centers in the diamond is illuminated by a green laser,
and imaging of the red NV photoluminescence (PL) is captured with a sCMOS camera. (b) Fine structure of the NV electronic ground state
showing the two spin transitions with frequencies ω± that can be probed experimentally by virtue of spin-dependent PL (symbolized by light bulbs
of different brightness). (c) Schematic of the unit cell of the diamond crystal under different stress conditions: no stress (blue), axial stress
(orange), and shear stress (green). (d) Unit cell with the four NV orientations depicted as different vacancy locations Vi (i = 1,2,3,4). The stress
tensor is expressed in the natural coordinate system of the cubic lattice, (xyz). (e) Schematic cross-section of the diamond illustrating how the NV
layer (green band) is used to probe the stress produced by local features. (f) Defect structure of the NV and its native coordinate system (XiYiZi).
(g) Optically detected magnetic resonance spectra under an external magnetic field of strength B ≈ 50 G, recorded from NV centers at three
different locations in a scratched diamond indicated by circles in (h): away from scratch damage (blue), underneath a scratch (orange), and
adjacent to a scratch (green). Each resonance is labeled according to its corresponding NV orientation. (h) Atomic force microscopy (AFM) image
of the diamond surface showing scratches created with a diamond scribe.
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diamond unit cell (Figure 1d). The relation between ⃗
i and

the local stress is most conveniently expressed by defining the
stress tensor, σ⃡, with respect to the diamond unit cell
coordinate system (xyz) defined in Figure 1d.25,46 This gives

= Σ + Σ

= Σ + Σ

= Σ + Σ

b c

b c

a a

3 3

2

X X X

Y Y Y

Z Z Z

axial shear

axial shear

1
axial

2
shear

i i

i i

i i (2)

where the stress susceptibility parameters are a1 = 4.86(2), a2 =
−3.7(2), 2b = −2.3(3), and 2c = 3.5(3) in units of MHz
GPa−1,25 and we introduced the quantities
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which capture the contribution of the axial stress components
and are independent of the NV orientation,49 and
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which describe the effect of the shear stress components. In
equation 4, the functions f i and gi evaluate to ±1 depending on
the NV orientation. Namely, using the vacancy positions i =
1,2,3,4 as defined in Figure 1d, we have ( f1,f 2,f 3,f4) = (+1, −1,
−1, +1) and (g1, g2, g3, g4) = (−1, +1, −1, +1). We note that
the spin-mechanical interaction of the NV is invariant under
inversion of the nitrogen and the vacancy; therefore, there are

only four orientations to consider in contrast to true electric
fields.50

Because the stress tensor is described by six independent
parameters, a measurement relying on a single NV center is not
sufficient to infer the full stress tensor even if the effective field

⃗
i is completely determined.23 However, by using a small

ensemble of NV centers with multiple orientations, it is
possible to determine all six stress components in the
corresponding volume, assuming a uniform stress within this
volume. To see that, we consider the limit of small magnetic
fields |B⃗| ≪ D, for which the spin transition frequencies are
given by25,47

ω γ= + ± + +± D M B M M( ) ( ) ( ) ( )i Z Z X YNV
2 2 2

i i i i (5)

By using eqs 2−4, we find that the sum frequencies (ω+ +
ω−)i = D + MZi of the four possible orientations can be used to
uniquely determine the three shear stress components
(σxy,σxz,σyz) as well as the sum of the axial components, (σxx
+ σyy + σzz). The axial components are then determined
individual ly by using the difference frequencies

ω ω γ− = + ++ − B M M( ) 2 ( ) ( ) ( )i Z X YNV
2 2 2

i i i
, wh ich in

general is an overdetermined problem when the magnetic
field B⃗ is known. This is the basis of our method to determine
the full stress tensor (see further details in Supporting
Information, Sections I and II).
Experimentally, we measured the frequencies ω±( )i for the

four possible NV orientations by recording ODMR spectra
under a small applied magnetic field B⃗ aligned so that all eight
transitions can be resolved simultaneously,48,51 as shown in
Figure 1g. The magnetic field B⃗ as well as the parameter D
were estimated using the ODMR data from a region far from
any obvious stress-inducing feature, where the stress was
assumed to be zero, and then extrapolated to the whole field of
view (via a linear fit) so that there are only six unknown

Figure 2. Stress induced by implantation damage. (a) Schematic of the stress induced by locally implanting C3 molecules in the diamond. (b) NV
PL image of an annulus-shaped implanted region. (c) AFM image of a segment of the annulus (dashed box in (b)). (d) AFM profile across the
implanted region (dashed line in (c)). (e) Spatial maps of the six stress tensor components measured with the NV sensors in the same region as in
(b). The amplitude of the σxz and σyz components has been multiplied by a factor of 5.
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parameters for eight measurements at each pixel (Supporting
Information, Section II). As a preliminary test, we investigated
the stress induced from scratching the diamond with a
diamond tipped scribe,52 generating cuts that are less than a
micron wide and range from 5 to 20 nm in depth (Figure 1h),
with the NV layer extending from about 5 to 30 nm below the
surface.53 A reference ODMR spectrum (i.e., away from any
scratch) is shown in blue in Figure 1g, which is used to infer
the magnetic field, here (Bx,By,Bz) ≈ (22, −13, −40) G. An
ODMR spectrum taken from underneath the scratch is shown
in orange and exhibits a shift of about 10 MHz that is relatively
uniform across all the resonances, suggesting a stress field in
the GPa range that is dominated by axial stress components.
An ODMR spectrum taken from a region adjacent to the
scratch is shown in green and exhibits shifts that are markedly
different for different NV orientations. This is the signature of
a large contribution from shear stress.
To test our method for reconstructing the full stress tensor,

we first implanted C3 molecules at 15 keV into the diamond
through a Cr mask to create localized regions of damage
extending 5−10 nm below the diamond surface. Implantation
is commonly used in diamond to introduce dopants for
electrical devices54 or produce buried graphitic electrical
wires.55 The resultant confined amorphous carbon has a
different density to diamond thus introducing an embedded
force that pushes in all directions (Figure 2a). It also causes a
reduction in PL from the NV defects by about 25%, as seen in
Figure 2b. Here, the implant pattern is a circular ring of 1.5 μm
width and 50 μm diameter. The embedded force from the
damage is sufficient to cause a bulging of the diamond
surface,56 which was measured by atomic force microscopy
(AFM) to be on the order of 2 nm in this case (Figure 2c,d).
The spatial maps of the six stress tensor components near

this circular ring are shown in Figure 2e, revealing ring-shaped

patterns with stress values of up to about 30 MPa
(corresponding to ODMR frequency shifts in the 100 kHz
range), much smaller than for the scratches discussed above.
The pixel-to-pixel noise is about 1 MPa (standard deviation)
for the three shear stress components, against 10 MPa for the
axial stress components, with a total acquisition time of about
10 h. This difference originates from the presence of the
magnetic field projection BZi

in the last term of eq 5 used to
separate the individual axial components, which results in a
reduced sensitivity when γ ≫ +B M M( ) ( ) ( )Z X YNV

2 2 2
i i i

(Sup-
porting Information, Section III). This loss of sensitivity could
be mitigated by performing sequential measurements minimiz-
ing BZi

for each NV orientation. Moreover, because the
individual axial stress components are determined based on the
knowledge of BZi

, they are sensitive to the presence of
background stress (assumed to be zero in order to determine
the magnetic field), which limits the measurement accuracy
(Supporting Information, Section V). This source of
inaccuracy could be removed by using a calibrated source of
magnetic field, which would then enable absolute measure-
ments of the background stress in the diamond. Nevertheless,
all stress components in Figure 2e exhibit resolvable features,
and the different symmetries indicate they have been sensibly
separated. In particular, the σxx (σyy) component is maximum
where the ring is tangential to the y (x) axis, whereas σzz is
relatively uniform along the ring, as expected from a body force
pushing in the normal direction to the line of damage as
depicted in Figure 2a. Likewise, the shear stress components
exhibit the expected symmetries with respect to the x and y
axes. All the axial components have a positive value near the
damaged region indicating a compressive stress, consistent
with an expansion of the lattice caused by the implantation.56

The smallest spatial features in Figure 2e have a size of the

Figure 3. Stress induced by a nanoindent. (a) AFM image of a representative nanoindent in the diamond surface. (b) AFM profile across the indent
(dashed line in (a)). (c) NV PL image of a region containing a nanoindent. (d) Spatial maps of the six stress tensor components in the same region
as in (b). The black shapes represent the contour of the nanoindent as determined from the PL image. The amplitude of the σxz and σyz (σxy)
components has been multiplied by a factor of 10 (2). (e) Map of the body force deduced from the stress tensor using eq 6. The color denotes the
magnitude |f|⃗, while the overlaid arrows indicate the projected force in the xy plane.
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order of 1 μm. Moreover, in the Supporting Information
(Figure S2), we show that implanted regions separated by less
than 1 μm can be resolved in the stress maps, indicating a sub-
μm spatial resolution close to the optical diffraction limit
(∼400 nm57).
The values of stress measured here are consistent with

Raman spectroscopy56 performed on a similar sample
(Supporting Information, Figure S4), which indicates an axial
stress of 7 ± 2 MPa in the damaged region. This validates the
NV technique as a sensitive and quantitative tool to
characterize the stress in diamond, with the added benefit of
access to the complete tensor information.
As a second test structure, we performed a series of

nanoindents in the diamond surface using a Berkovich tip with
a tip radius of 200 nm to a load of 1 N, resulting in pyramidal
impressions typically with a maximum depth of 30 nm (see
AFM image of a representative indent in Figure 3a, and line cut
in Figure 3b). Slight swelling around the perimeter of the
impression but no major structural fractures are observed.
Likewise, no discontinuities indicative of fracture formation
were observed in the load−unload curve (Supporting
Information, Figure S6). This suggests that the diamond has
been plastically deformed under these indentation conditions
similar to previous reports.58,59 It is likely that the indented
region contains pressure induced graphitic material as observed
recently.60 Figure 3c reveals some quenching of the NV PL
within the impression (by about 10%) due to this reduction in
crystal quality. Beyond the perimeter of the indent, the impact
on the strain can be quantified. We note that NV centers that
were initially present in the plastically deformed material are
not expected to contribute to the ODMR signal and hence the
measurements quantify the stress in regions of elastically
deformed diamond. The stress maps are presented in Figure 3d
and reveal stress values up to 0.2 GPa for the in-plane
components (σxx, σyy, σxy), the other components being much
weaker indicate that the deformed material pushes predom-
inantly in the directions parallel to the surface of the
undeformed diamond.
To facilitate the interpretation of the stress maps, it is

convenient to plot the body force instead, where the Cartesian
components are derived from the stress tensor via

∑ σ= − ∂fj
i

i ji
(6)

with i,j = x,y,z (∂i denotes the partial derivative with respect to
Cartesian coordinate i). The x and y derivatives can be readily
computed from the stress maps, while the z derivatives can be
estimated through a suitable approximation (Supporting
Information, Section VI). The body force near the indent is
shown in Figure 3e, revealing a complicated pattern. This
pattern indicates that the tips of the impression push mostly
outward while there is an inward force at its flat edges. This
illustrates that Berkovich indentation results in a significant
shear stress component, which is known to aid phase
transformation.59

We now return to scratches made with a diamond scribe to
map the full stress tensor. Scratching the diamond surface can
result in plastic deformation.59 Similar to the indent case, there
is no sign of fracture of the diamond. A PL image of a
scratched region is shown in Figure 4a, where the scratch
appears as a dark streak due to the reduction in crystal quality.
The body force derived from the measured stress tensor
(Supporting Information, Figure S7) is plotted in Figure 4b.

For this shallow scratch (5 nm deep at most, see AFM profile
in Figure 4c and image in inset), the magnitude of the body
force reaches about 40 N μm−3, corresponding to a stress of up
to 0.2 GPa. Deeper scratches like those depicted in Figure 1g,h
can produce in excess of 1 GPa of stress (Supporting
Information, Figure S7). The body force decays from the

Figure 4. Stress induced by a superficial scratch. (a) PL image of a
region containing a scratch. (b) Map of the body force magnitude for
the region imaged in (a), with the overlaid arrows indicating the force
projected in the xy plane. (c) Line cuts of the PL (black) and AFM
profile (orange) taken along the red dashed line shown in (a,b). The
left inset is a zoom-in; the right inset is an AFM image of the angled
section of the scratch. (d) Corresponding line cuts of the three body
force components (in and out of plane). (e) Schematic of the
diamond cross-section (not to scale), with the overlaid arrows
indicating the body force projected in the xz plane as derived from
(d).
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center of the cut over distances of several micrometers, much
larger than the width of the physical cut (∼300 nm fwhm, see
orange line in Figure 4c) and the width of the PL quenching
feature (∼1 μm fwhm, black line in Figure 4c). This illustrates
that even a very shallow cut can elastically deform the diamond
over distances significantly larger than the size of the cut itself.
To gain more insight into the direction of the force, we plot
the three force components across the scratch in Figure 4d,
represented as arrows overlaid on the diamond cross-section in
Figure 4e. Interestingly, the force remains mostly perpendic-
ular to the diamond surface over several micrometers about the
cut even though the NV sensors are located at a distance of
∼15 nm from the surface. This behavior suggests a highly
anisotropic propagation of the stress along the diamond
surface.
As a final illustration of the technique, we mapped the stress

resulting from the fabrication of electronic devices on
diamond, which is of interest for high-power and high-
frequency electronics applications61 and for studies of charge
transport using NV-based magnetometry.51,62 First, we
fabricated a strip of Ti/Au (thickness 10/100 nm) on the
bare diamond surface by thermal evaporation and lift-off
(Figure 5a,b) and found that the strip induces a small but
measurable compressive stress in the diamond (Figure 5c,d)
especially near the edges of the strip (∼10 MPa). Here, we plot
t h e s um o f t h e a x i a l s t r e s s c om p o n e n t s ,

σ σ σΣ = + +Z xx yy zz
axial , as this gives a significantly improved

signal-to-noise ratio over the individual components (Support-
ing Information, Section III), as well as one of the shear stress

components, σxy. We note that the weight of the deposited
metal amounts to a pressure of about 0.02 Pa and, as such,
cannot account for the measured stress. Also visible in Figure
5c are some polishing marks on the bare diamond surface,
producing an axial stress of up to ΣZ

axial ≈ 40 MPa.
Next, we fabricated TiC/Pt/Au contacts that extend about

15 nm into the diamond, through evaporation of a Ti/Pt/Au
stack (thickness 10/10/70 nm) and subsequent annealing48

(Figure 5e,f). Such embedded contacts are typically used to
form low-resistance ohmic contacts with the two-dimensional
hole gas (2DHG) present on a hydrogen-terminated diamond
surface48,63 as well as in high-power electronics.64 As seen in
the stress maps (Figure 5g,h), there is a large compressive
stress in the diamond below the TiC contact (ΣZ

axial ≈ 100
MPa). This is expected because TiC has a lower atomic density
than diamond. It is relatively uniform across the contact except
for some small spots (a few μm in size) where there is no
stress, indicative of imperfections in the formed TiC layer.
We then fabricated a transistor device based on the 2DHG

at the diamond surface,63,65 by first patterning the surface
termination to form a conductive (hydrogen-terminated)
channel on an otherwise insulating (oxygen-terminated)
surface, covering the whole surface with a 50 nm insulating
layer of Al2O3, and evaporating a metallic top gate (Al, 50 nm
thick). While operating the device, we observed the formation
of a defect in the Al2O3 layer above the conductive channel
next to the gate, as illustrated in Figure 5i and seen in the PL
image (Figure 5j). The stress maps (ΣZ

axial in Figure 5k and σxz
in Figure 5l) reveal a compressive stress under the oxide defect

Figure 5. Stress induced by device fabrication. (a) Schematic cross-section of a device consisting of an evaporated metallic wire (Ti/Au). (b) PL
image of a typical device. (c,d) Corresponding maps of the total axial stress σ σ σΣ = + +Z xx yy zz

axial (c) and of the shear stress component σxy (d).
(e−h) Same as (a−d) but for an embedded TiC/Pt/Au contact. (i−l) Same as (a−d) but for a transistor device where the conductive channel is
formed by a hydrogen-terminated (H-term.) region of the diamond surface (delimited by red dashed lines in (j) but giving no PL contrast),
insulated via a Al2O3 oxide layer and controlled by a top Al gate (appears dark in the PL). A defect formed in the oxide layer above the conductive
channel while operating the device, visible through a fringe pattern in the PL. (l) σxz map. All the stress maps share the same color bar ranging from
−25 to +25 MPa, except (g) where the stress values have been divided by a factor of 4 (i.e., ranging from −100 to +100 MPa).
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(ΣZ
axial ≈ 20 MPa) and a tensile stress just outside the defect.

The presence of the metallic gate on top of the oxide induces a
stress of similar magnitude in the diamond, although the odd
parity of ΣZ

axial is in contrast with the fully compressive stress
observed in Figure 5c, suggesting a nontrivial mediation by the
oxide layer, possibly through permanent deformation of the
oxide under the gate while operating the device. These
experiments illustrate that the technique can be applied to
monitor mechanical deformations in materials and devices
outside the diamond, through the elastic stress applied to the
diamond substrate as a result, which could find applications as
a diagnostic tool for device variability or failure analysis.
In summary, we presented a method to quantitatively image

the full stress tensor below the surface of a diamond, at room
temperature, using a layer of NV strain sensors. We illustrated
the versatility of the technique by experimentally imaging the
stress under a number of scenarios, from localized implantation
damage to nanoindents to devices fabricated on the diamond
surface. With our current experimental setup, the spatial
resolution is limited by the diffraction limit (∼400 nm) but
could be improved by implementing super-resolution
techniques.66,67 The measurement sensitivity is of the order
of 1 MPa per 1 × 1 μm2 pixel for typical acquisition times
(∼10 h), corresponding to a strain of less than 10−6,25 and
could be improved by an order of magnitude through further
optimization of the NV-diamond samples.68

The technique could be directly applied to characterize the
residual stress in various types of diamond nanostructures
commonly used for quantum sensing and quantum informa-
tion science, such as solid-immersion lenses,69 nanopillars,70,71

nanobeams,38,72 and photonic waveguides and cavities,73−76

which could help improve the sensing accuracy or optimize the
fabrication processes. Moreover, the technique is compatible
with stroboscopic measurements, capable, for instance, of
imaging the time evolution of stress in mechanically driven
diamond cantilevers,34,35,77 which are a testbed for hybrid spin-
mechanical quantum systems. More generally, the ability to
measure the complete stress tensor at the nanoscale opens up
the field of multiplexed nanomechanical sensing, where
structures with multiple mechanical degrees of freedom
could be designed and measured (consider, for example, a
cantilever with a paddle on the end), with possible applications
in on-chip mass spectroscopy and microfluidics.
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