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Abstract— Monitoring shear stresses is increasingly important
in the medical sector, where the sensors need to be unobtrusive,
compact and flexible. A very thin and flexible sensor foil is
presented based on the shear stress dependent coupling change
of optical power between a laser and photodiode chip that were
separated by a deformable sensing layer. These opto-electronic
components were embedded in a very thin foil of only 40µm
thick. The sensitivity and measurement range can be modified
by selecting the material properties of the sensing layer. The
sensor response showed to be reproducible and the influence of
normal pressure on the sensor was very limited.

I. INTRODUCTION

Most of the existing shear sensors were originally intended
to be used for monitoring fluid dynamics [1]. However, there
is an increasing need for monitoring shear stresses in the
medical field, for example for measuring the skin friction
between prosthesis and stump [2]. Excessive stresses on the
stump may damage the skin tissue causing discomfort for the
amputee. Similarly, the shear stresses play an important role
in the friction between foot and shoe [3] and also in the field
of robotics there is and interest in tactile shear sensors for
artificial skin. For these applications, the sensors are preferably
as unobtrusive as possible and need to be compact and flexible
to be used on moving body parts and wrapped around curved
surfaces, such as fingers or prostheses.

A number of reported shear sensors are based on MEMS [4]
which can have a high density and sensitivity but only have
limited flexibility or are rather thick. They are also based on
electrical measurements and thus sensitive to electromagnetic
interference. Optical sensors are not susceptible to this source
of noise and can have a number of advantages such as high
sensitivity and large dynamic range. Furthermore they can
be embedded which makes these sensors potentially very
compact, robust and flexible.

The technology for embedding optical components into
40µm thick flexible foils was reported previously [5] and is
now used to construct an optical shear sensor.

II. SENSOR PRINCIPLE

The shear sensor principle is based on the changing amount
of optical power emitted by a Vertical-Cavity Surface-Emitting
Laser (VCSEL) and detected by a photodiode. Both compo-
nents are aligned with their active areas facing each other.

Deformable silicone layer

Ultra thin flexible VCSEL package

Ultra thin flexible Photodiode package

Fig. 1. Schematic view of the sensor principle

When shear stresses are applied onto the structure, a misalign-
ment of the VCSEL and photodiode occurs and a varying
amount of power is detected by the photodiode. A VCSEL
and a photodiode were assembled in an ultra thin package
[5] and separated by a deformable polymer sensing layer
such as Polydimethylsiloxane (PDMS). The thickness and the
mechanical properties of the separation layer determine the
sensor characteristics, since the displacement of the VCSEL
and photodiode under shear stress depends on this material
behavior. In Fig. 1, this principle is depicted schematically.

The opto-electronic components used in this paper were
bare die 850nm multimode VCSEL chips from ULM Pho-
tonics [6] and photodiodes with a 100µm active area from
Enablence [7].

III. SIMULATIONS

There are several design parameters to be chosen. Most
important is the distance between VCSEL en photodiode,
along with the divergence angle of the laser beam. To
construct a simple analytical model, the VCSEL beam was
considered Gaussian with a certain half power divergence
angle that was defined as the single sided angle wherein 50%
of the optical power is confined. However this assumption
is not completely valid since multimode VCSELs were
used for the fabrication of the sensor, it yields an adequate
approximation. The movement of the photodiode over the
VCSEL beam can be mathematically considered as calculating
the convolution Φd(x, y) ∗ PD(x, y) of a uniform circular
detector area PD(x, y) with the Gaussian VCSEL beam



0 50 100 150
0

0.2

0.4

0.6

0.8

1

500um

400um

300um

200um

100um

displacement [um]

re
la

ti
v
e

 r
e

s
p

o
n

s
e

 [
−

]

50um

Fig. 2. Simulation of the photodiode current versus the displacement of
the VCSEL for different VCSEL-to-photodiode distances (constant driving
current = 5mA)

profile Φd(x, y), considered at the specified distance d from
the detector. This yields the 2-dimensional relative sensor
response.

relative response =
∫ ∫

Φd(x
′, y′)PD(x− x′, y − y′)dx′dy′

All functions were centered around the origin. The
resulting convolution yields the response for every possible
displacement (x, y) from the origin. For easy comparison, the
1-dimensional sensor response was considered and obtained
by evaluating this expression for y = 0.

The total optical power and beam divergence angles of the
VCSELs at different driving currents were measured to make
a realistic scaling of the beam profiles used in the simulations.
The optical power in the VCSEL beam at 5mA driving current
was set to 1 as a reference and for the other currents, the values
were scaled accordingly, based on the measurements. Also the
detector function PD(x, y) was normalized.

For easy interpretation of the simulation results, the dis-
placement x of the VCSEL with respect to the photodiode
was chosen as input parameter instead of the shear stress
applied onto the sensor. The displacement and shear stress
are connected through the material properties of the sensing
layer.

A. Influence of VCSEL-to-detector distance

In a first simulation, the influence of the VCSEL-to-detector
distance was determined for a driving current of 5mA (Fig. 2).
Since the beam diverges, the response will be spread out more
when the VCSEL and detector are separated further away.
When the distance between source and detector is too small,
the laser beam is relatively confined and almost all optical
power is captured by the detector when aligned and none
is captured when misaligned. In the transition region there
is a steep response. The other extreme, where VCSEL and
detector are far away from each other, seems favorable at first
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Fig. 3. Simulation of the photodiode current versus the displacement of the
VCSEL for different driving current (constant VCSEL-to-detector distance of
200µm)

glance. However, the sensitivity and consequently the accuracy
is low, particularly in the region close to zero displacement.
Furthermore, this simple model does not completely reflect
the real behavior. A typical multimode beam will not be
Gaussian, but more power will be concentrated in the outer
part of the beam. This effect will be averaged out when
calculating the convolution, provided that the beam is not too
wide or accordingly the distance to the detector not too large.
Therefore a separation of 200µm seems a good compromise
with a sensing range up to 100µm displacement.

B. Influence of the VCSEL driving current

The second simulation shows the influence of the driving
current for a fixed VCSEL-to-detector distance of 200µm. The
variations in the sensor responses are due to the different beam
divergence angles and optical power of the VCSELs depending
on the current. For a driving current around the threshold, the
half power divergence angle was measured to be 3◦, while
at 5mA this was increased to 6◦. Since the detector behaves
as an averaging function for the beam profile of the VCSEL,
the response has less variations for small driving currents since
the VCSEL beam is almost completely incident to the detector
for the largest part of the displacement. When the divergence
angle increases, the detector is not large enough to capture all
the light, yielding a more favorable sensor response.

C. Influence of the sensing layer material properties

For the conversion of displacement measurements x into
shear stress measurements, the material properties of the
deformable layer have to be taken into account. A softer
material yields a higher sensitivity while a stiffer material
yields a higher shear stress sensing range. To be consistent
with the simulations above, a PDMS thickness dPDMS of
180µm was chosen, since there was an additional packaging
cover layer of 10µm on top of the VCSEL and photodiode
active areas. The total VCSEL-to-detector distance is then
200µm.
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Fig. 4. Simulation of the sensor response for different values of VCSEL-to-
detector distance induced by a normal load on the sensor

Fig. 5. A flexible ultra thin VCSEL package

The typical shear modulus G of PDMS is about 250kPa
[8], meaning that the shear stress τx and strain γx are related
as follows:

τx = Gγx = G · x/dPDMS = 250kPa·x/180µm

which yields a maximum measurable shear stress of:

τx = 250kPa·100µm/180µm≈ 139kPa

D. Influence of the normal pressure

Since the Poisson’s ratio of PDMS is close to 0.5, the
material is considered almost incompressible and the influence
of the normal pressure will be limited. Under typical normal
loading conditions up to a few bar, the PDMS will be
compressed by a few micrometers which also changes the
distance between the VCSEL and the photodiode with the
same amount. The influence of this PDMS compression on
the sensor response is limited, as demonstrated in Fig. 4.

IV. FABRICATION METHODS

The fabrication of the sensor is based on the packaging of
opto-electronic components such as VCSELs and photodiodes

Fig. 6. The flexible shear sensor (bent with a radius of 4mm) based on ultra
thin VCSEL and photodiode packages with a deformable PDMS sensing layer

into very thin and mechanically flexible packages and was
previously reported [5]: bare dies were thinned down to 20µm
and subsequently embedded in optically transparent layers,
yielding a flexible package of only 40µm thickness (Fig. 5).
Such a package, while still on a temporary glass carrier, was
used as a starting point for the fabrication.

First, a 90µm layer of Dow Corning Sylgard R©184 PDMS
was spin-coated onto both the VCSEL and photodiode pack-
age, using a primer to obtain decent adhesion. The PDMS was
subsequently cured on a hotplate at 60◦C for 1 hour. A plasma
bonding technique was used to join both PDMS layers. The
substrates were exposed to an air plasma (0.8mbar, 24s, 190W
40kHz generator) and afterwards the VCSEL and photodiode
packages were aligned such that the active areas were facing
each other. Finally, the PDMS layers were brought into contact
to obtain bonding between both parts. The result is a highly
flexible and compact sensor foil (Fig. 6).

Furthermore, this sensor design can potentially be used
to fabricate high density sensing foils since the bare die
embedded components are very small and packaged in a very
thin foil.

V. RESULTS AND DISCUSSION

First tests were done to characterize the response of the
VCSEL displacement versus photodiode in order to compare
with the simulations. On the available shear sensor sample,
the embedded photodiode had an active area of 100µm while
the VCSEL was from the multimode type emitting at 850nm.
Furthermore, the total thickness of the PDMS layer between
both components was about 180µm. The sensor was mounted
on a translation stage and stretched to simulate shear stresses.
For different driving currents of the VCSEL, the photodiode
current with respect to the displacement was recorded. There-
fore, the photodiode was inversely polarized at -2V and the
photocurrent was measured without amplification.

A range of VCSEL driving currents, starting from the
threshold of 1.5mA up to 5mA were tested. The results are
plotted in Fig. 7. It can be seen from the plot that there
seems to be a small difference in response between increasing
and decreasing displacement, although it is believed that this
behavior can be attributed to non-perfect clamping during
testing rather than hysteresis.
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Fig. 7. Photodiode current versus the displacement of the VCSEL for
different driving currents
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Fig. 8. Photodiode current versus the displacement of the VCSEL for
different sensor points (driving current 5mA)

The sensor response is clearly dependent on the driving
current through the VCSEL. At lower driving currents, the
laser beam is less powerful and the opening angle lower,
yielding less sensitivity and range. A driving current of 5mA,
however, gives a better range and good sensitivity. This
behavior is in accordance with the simulation result from Fig.
3. Furthermore, the shape of the sensor response is similar to
those from the simulations. Some deviations might be due to
fabrication tolerances and the non-perfect Gaussian behavior
of the used multimode VCSELS.

For a driving current of 5mA, the variation in response of
different sensor points was measured (Fig. 8). The horizontal
shift resulting from differing setup mounting offsets was
eliminated. It can be seen that there is little variation between
different sensors, suggesting that the beam profile is not
significantly different between different sources. Furthermore,
there is a quite linear sensor response from 25µm up to
100µm relative displacement. In this region, the sensitivity

of the sensor without amplification of the photodiode current
is −11µA/µm. When taking into account the material
properties, the sensitivity for measuring shear stress is:

−11µA
µm · xτx = −11µA

µm · dG = −11µA
µm · 180µm

250kPa = −7.9µA
kPa .

VI. CONCLUSION

In this paper, a new concept for measuring shear stresses has
been demonstrated. The proposed optical sensor is based on
the shear stress induced displacement of a VCSEL with respect
to a photodiode separated by a thin PDMS layer. Both VCSEL
and photodiode were used as bare dies and packaged in ultra
thin flexible packages of only 40µm thick. This makes the
sensor potentially very useful for medical applications where
conformable and unobtrusive sensors are desirable.

Simulations were performed to optimize the sensor response
and measurements confirmed this predicted behavior. Further-
more, it was found that the influence of the normal pressure
on the shear stress response remains relatively low.

With the current design, shear stresses up to 139kPa can
be measured with a sensitivity of −7.9µA

kPa in the linear part
of the range. However, by using different sensing materials,
the sensitivity and range can be tuned depending on the
application.
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