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Abstract Energy-autarkic sensor systems use energy
from their environment for operation and data transfer.
This needs both an efficient energy harvesting strategy and
an appropriate energy storage management but also ultra-
low-power technologies for sensors, signal processing, and
wireless signal transfer. Binary Zero-Power Sensors are
threshold switches which take the switching energy
directly from the quantity to be measured. For this purpose
stimuli-responsive polymers—in particular hydrogels—are
used which swell upon the influence of particular quantities
like humidity, temperature or pH value. The swelling
causes the deflection of a flexure element closing or
opening the contacts of a switch. In this manner they
deliver the switching states “ON” and “OFF” without any
additional electrical energy.

1 Introduction

Sensors allow the monitoring of our surrounding environ-
ment and its conditions enabling us to control many aspects
of our life. This concerns housing, mobility (car), energy
consumption, environment protection and many other
fields. Sensor industry is a very fast-growing industry with
an average growth rate of more than 8 % p.a. during the
last 9 years (AMA 2012). Interestingly, it is estimated that
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more than 70 % of all sensors are used as threshold sensors
(binary sensors) detecting just a certain value of a mea-
suring quantity where a particular action will be triggered.
Usually, technical solutions comprise a sensor element and
a following relay for starting the targeted action.

Triggered by the unprecedented opportunities of micro
electro mechanical systems (MEMS) technology in the
1970s (Petersen 1982) a lot of activities were started to
integrate sensor technology and electronic relays to achieve
binary sensors. In 1979 Petersen described micromechan-
ical membrane switches as a new class of electronic
devices (Petersen 1979). These switches had operating
characteristics between conventional silicon transistors and
mechanical electromagnetic relays. They could be manu-
factured by batch fabrication on silicon wafers using con-
ventional semiconductor techniques like photolithography.
The devices had dimensions in the range of less than
100 pm showing the enormous potential of miniaturization
for relays. However, these relays were controlled electro-
statically requiring permanent electrical energy supply.

In the following years and decades many approaches
have been introduced targeting miniaturization, energy
consumption, and physical principles to control the switch.
Beside electrostatically controlled relays (Drake et al.
1995) other control principles have been proposed, e.g.,
thermal bimorph solutions (Seki et al. 1997; Qui et al.
2003). Hei et al. proposed a MEMS-based relay for ultra-
low-power digital logic applications. Their switching
behavior was improved in such a way that the supply
voltage could be scaled down further than for CMOS
devices (Hei et al. 2009). Prototype relays are also fabri-
cated using CMOS-compatible processes. In the mean-
while MEMS micro relays have entered the mass market,
e.g., for RF switches and optical switches with improved
optical and mechanical performance (Suzuki 2002;
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Eloy 2006). Nevertheless, all these approaches need elec-
trical energy to maintain their sensor function. The lion’s
share of energy is required for wireless data transmission
but the power consumption of micro-controllers and sensors
is also not negligible. Solutions using batteries are sufficient
for systems consisting of micro-controllers, sensors and
data transmission units, in which the latter two are turned on
after reaching a given threshold value. An alternative could
be energy harvesting devices (Beeby et al. 2006; Cook-
Chennault et al. 2008) which increase system complexity,
size and prize. There are various energy management sce-
narios known which minimize fuel consumption. A prom-
inent example is the “power-down” operating condition of
electrical circuits. A further significant reduction in the
required electrical power could be achieved, if the current
consumption of the sensors is reduced to zero, even in case
they are online.

In this work we describe a novel kind of binary sensors
is described which does not need electrical energy for the
switching function of any kind of measurand (Rangelow
et al. 2009). Such Binary Zero-Power Sensors (BIZEPS)
are threshold switches which take the switching energy
directly from the quantity to be measured. For this purpose
stimuli-responsive polymers—in particular hydrogels—are
used which swell upon the influence of particular quantities
like pressure, humidity, temperature, pH value, concen-
trations of chemical species in aqueous solutions or others.
The swelling causes the deflection of a flexure element
closing or opening the contacts of a switch as it is normally
used in conventional relays.

The outstanding advantage of BIZEPS over other solu-
tions is the elimination of costly battery solutions or energy
harvesting measures. In contrast to these, the BIZEPS
themselves need no external power supply and are thus
literally energy-independent.

In the following we will describe the general set-up of a
BIZEPS sensor, will discuss possible stimuli-responsive
swelling materials—in particular polymers and hydrogels,
respectively—and will explain first experiments using
pressure sensor chips as the flexure element for the
switching transducer element.

2 Construction of the Binary Zero-Power Sensors

Figure 1 shows a state-of-the-art autarkic system where the
analog sensor needs continuous power supply. In contrast
to this, systems using sensors based on the BIZEPS-con-
cept can remain in the power-down state even though the
binary sensor is online (Fig. 2). Thus, the consumption of
electrical power is zero or merely in the order of 30 uW.
On the occurrence of a well-defined event, the system is
activated by the Binary-Zero-Power-Sensor and, hence,
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powered on. Figure 3 shows the basic structural design of
such a power-free binary sensor together with its essential
components. The measurand affects a sensitive material,
which swells or shrinks under the measurand’s influence.
This volume change is converted by the transducer into a
switching movement as well as a contact force. The gen-
erated mechanical deflection closes an electrical contact,
depending on the value of the measurand.
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Fig. 3 Function principle and components of Binary Zero-Power
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In this way, power-free sensors directly use the energy
of the measured variable (ambient energy) for the switch-
ing of the electrical contacts, a multi-stage energy con-
version is unnecessary. For the actual switching procedure,
no electrical power supply is required, thus no cable losses
occur. External electrical power is required only for the
actions targeted by the switching, e.g., switching on certain
functions.

Heart of this new type of sensor is a stimuli-responsive
functional material, which swells as a function of the
stimulus, such as temperature, pressure, humidity or pH.
The movement is achieved due to the coupling of the
sensitive functional materials to the transducer. Cantilevers
and membranes (bending plates) are the most common
elements to transform the material’s volume change into
the mechanical movement. The generated displacement
directly closes or opens the contacts of a built-in electrical
switch.

Materials which show a specific swelling can be used as
sensitive functional material. For instance, bimetal ther-
mometers take advantage of the different thermal expan-
sion of different metals. The resulting deflection of the
appropriate bimetallic strip is proportional to the product of
temperature change and the difference in thermal expan-
sion coefficients of the two metals.

3 Stimuli-sensitive swelling materials

Of particular interest for this novel kind of binary sensors
are stimuli-responsive materials, which swell or shrink as
function of corresponding stimuli like temperature, pressure
or humidity. The combination of the stimuli-responsive
material with a mechanical micro switch avoids separate
electrical function components for the switching operation.
However, calibration and error correction have to be real-
ized mechanically in the system material/deflectable
mechanical element/micro switch instead by the usage of
electrical measures.

The field of application of such zero-power sensors
depends on the swelling behavior of the swellable material.
The spectrum of available materials is very diverse ranging
from the thermal extension of materials for temperature
threshold switches via hygroscopic and, hence, humidity-
dependent materials to hydrogels which show swelling
behavior in aqueous solutions with respect to the concen-
tration of particular ions (e.g., H™-ions, i.e. pH value) or
other chemical species.

3.1 Temperature extension

Bimetal thermometers use the difference in the thermal
extension of different metals. The resulting deflection of a
bimetal is proportional to the product of temperature
change AT and the difference of the coefficients o, ;- of the
thermal extension of the contributing metals. The largest
deflection of such bimetallic elements occurs at the free
end of a one-side clamped cantilever. If two-side clamped
cantilevers or fixed clamped flexure plates are used then—
for symmetry reasons—one of the layers must not cover
the other layer entirely. In the other case no deflection
would occur because only in-plane stresses would evolve
whereas the bending moment would be balanced by the
clamping preventing the bimorph’s deflection.

As an example, Seki et al. proposed a thin Si clamped—
clamped beam which is deformed by buckling due to
thermal SiO, built-in stress and thermal stress (Seki et al.
1997). The actuator was fabricated by a micromachining
technology using sealed cavities. Its size is 2.5 (length) X
0.5 (width) x 0.02 mm (thickness). The deflection at the
center point amounted to 25 um. Qui et al. also reported
the design, fabrication and testing of a thermally actuated
bistable MEMS relay (Qui et al. 2003). Here, mechanical
bistability ensures zero actuation power in both the on- and
the off-states, and permits actuation with a transient ther-
mal actuator. In the off-state, this relay stands off more
than 200 V, in the on-state, it exhibits a minimum total
resistance of 60 nQ.

3.2 Humidity extension

Humidity-sensitive deformations can be excited in a very
similar way to bimetals if a humidity-absorbing layer is
deposited on an elastic carrier material. The humidity-
induced swelling of the humidity-absorbing layer (e.g.,
polymers) leads to the bending of the bi-layer compound.
As for bimetals, reliable and long-term stable adhesion
between the polymer and the substrate is required. Prom-
ising polymers for such humidity-sensitive sensors are in
particular polyimide (PI) (Gattiglia and Russel (1989),
polyester (PE) (Ouchi et al. 1992) and polyethersulfone
(PES). Their swelling behavior due to relative humidity has

@ Springer



1228

Microsyst Technol (2012) 18:1225-1231

been studied intensively with respect to high sensitivity and
sufficient long-term sensitivity (Buchhold et al. 1998a, b;
Buchhold and Gerlach 2000). Modification of pore size
(free volume between the polymer chains) and pore density
within the polymers can lead to

e a higher uptake of water molecules and, hence, to a
larger sensitivity,

e an improvement of the selectivity with respect to other
gas molecules, and

e shorter response times.

Studies have shown that ion beam modification can
enhance sensitivity up to one order of magnitude (Guenther
et al. 2001; Guenther 2009).

3.3 Stimulus-responsive swelling of hydrogels

Another promising group of swellable polymers are
hydrogels (Gerlach and Arndt 2009). Their molecule
chains are connected chemically or physically to a two- or
three-dimensional network. In the presence of appropriate
solvents the network starts to swell due to the uptake of the
solvent. The swollen network is called gel or—in the case
of aqueous solutions as solvent—hydrogel. Hydrogel
swelling or shrinking leads to a conversion from chemical
into mechanical energy and vice versa generating enor-
mous forces. This behavior enables the usage of hydrogels
for sensors and actuators (Gerlach et al. 2004, 2005;
Guenther et al. 2005; Arndt et al. 2000). It can be used
favorably for BIZEPS sensors considered here.

The function principle of hydrogels can be exempl-
arily explained for pH-sensitive compounds of polyvinyl
alcohol (PVA) und polyacryl acid (PAA). The PVA
provides the stable scaffold of the gel whereas the PAA
acts as the sensitive component and, hence, is responsi-
ble for the polyelectrolytic character of the gel. The
PVA/PAA compound has to be conditioned after cross-
linking of the polymer network. This can be done in
deionized water. Water molecules coupled to the PAS
via hydrogen bonds can leave the hydrogel if the car-
boxyl group (-COOH) of the PAA dissociates electro-
lytically. Water molecules will split into protons (H™)
and carboxylate ions (COO-) leading to a repulsion of
the carboxylate ions and, hence, to swelling. Any change
of the properties of the aqueous solution will change the
equilibrium of the system of gel and chemical species.
The reaction time depends on the temporal behavior of
the corresponding processes:

e The basic and acidic components of the aqueous
solution have to diffuse into the gel initiating swelling
and shrinking, respectively.

e Water has to penetrate or to leave the gel.
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e Other components of the fluid have to diffuse into or
out of the gel depending on the concentration gradient.

All of these processes occur simultaneously. The opti-
mum gel thickness should be a compromise between high
sensitivity (large thickness) and short response time (small
thickness) (Thong 2006). Porous gels can lead to a much
faster response time of such sensors.

The selection of the appropriate hydrogel depends on the
quantity to be measured, e.g., temperature, pressure,
humidity, but also chemical or even biological quantities
[Guenther et al. 2005; Guenther 2009; Gerlach et al. 2005;
Gerlach and Arndt 2009; Arndt et al. 2000; Thong et al.
2006; Han et al. 2002; Schulz et al. 2010). Table 1 lists
suitable stimuli-responsive hydrogels for the diverse mea-
surement quantities. It is possible to tailor sensitivity
and to decrease non-linearity by using polymer blends or
co-polymers.

3.4 Humidity-and pH-responsive behaviour
of PVA/PAA

Compounds of PVA und PAA were chosen as a very
promising material for humidity-responsive BIZEPS-
Sensors.

e PVA/PAA can easily be processed. Both components
(Aldrich Chemical Co.) were separately solved in
distilled water at 80 °C (PVA: 15 wt %, PAA 7.5
wt %) and then mixed with a ratio of 80 wt % of PVA
and 20 wt % of PAA. After stirring at 60 °C for 1 h,
PVA/PAA blends have been deposited and photo cross-
linked (130 °C, 20 min).

Table 1 Stimulus-responsive hydrogels (Guenther 2009; Guenther
et al. 2009, 2010; Schulz et al. 2009; Miyata et al. 1999)

Stimulus, Polymer
measurement quantity
Relative humidity PVA/PAA

pH PVA/PAA

DMAEMA-co-HEMA
PMAA-PEGDMA-DMPA
PNIPAAmM(BIS4)
P2VP-block-P(NIPAAm-co-DMIAAmM)
P4VP-block-P(NIPAAm-co-DMIAAm)
PNIPAAmM(BIS4)

Temperature

Concentration of
heavy metal ions

Salt concentration

(NaCl, Nal) P2VP-block-P(NIPAAm-co-DMIAAm)
PNIPAAm-DMAAm-DMIAAm
Ethanol concentration PNIPAAm(MBAAmM4)
Glucose AAm/3-APB

Protein concentration
(human serum
albumin, HSA)

P4VP-block-P(NIPAAm-co-DMIAAm)
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e PVA/PAA shows good long-term stable behaviour
(Guenther 2009).

e The volume extension of the hydrogel creates a larger
bending of the flexure plate then that one of bimorphs.
Therefore, the arrangement of Fig. 3 using volume
extension instead of a swelling bimorph layer seems to
be advantageous and will be used in the following.

To match the stiffness of the bending plate and the
mechanical properties of the hydrogel to achieve a maximum
sensitivity the elastic parameters of PVA/PAA was studied as
a function of relative humidity (Fig. 4). The experiments
were performed using a tensile testing machine.

The results show that the maximum strain is 7 % at a
maximum relative humidity of 100 %. However, the
Young’s modulus decreases sharply at higher relative
humidity values. Because the preferred application of
humidity switches will be in the higher RH range the
thickness of the polymer has to be chosen according to
the thickness of the silicon bending plate. This underlines
the superiority of the approach using the volume effect
instead of the bimorph type sensor.

The time-dependant swelling behaviour of PVA/PAA was
previously for the example of pH value changes in aqueous
solutions (Fig. 5). The swelling kinetics is determined by
cooperative diffusion processes for the chemical species
(Gerlach and Arndt 2009). Therefore, it is proportional to the
square of the characteristic length molecules or ions have to
travel. The larger the hydrogel volume is the longer the dif-
fusion process will be. Hence, the optimum hydrogel
dimensions has to be a trade-off between fast sensor response
and high sensitivity. Very short sensor response times in the
range of a few seconds are only possible if the hydrogel is
used as a thin film. Thicknesses of a few 100 um lead to
characteristic time constants in the range of minutes.

Figure 5 also shows that the diffusion process might
comprise several mechanisms (Guenther et al. 2007). After
the pH value jumps an instantaneous volume change takes
place due to the hydrogel’s elastic behaviour (phase 1).
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Fig. 5 Sensor output voltage during the swelling process of
PVA/PAA from pHI to pH4

The following exponential response (phase 2) is caused by the
above-mentioned cooperative diffusion. In the case of poly-
electrolyte polymers in connection with ion flux, unwanted
drifts might occur (phase 3). This was observed for PVA/PAA
under the influence of H' -ions as it happens in pH sensors.
The application of PVA/PAA for humidity sensor switches
excludes these ions and, hence, avoids this drift behaviour.

4 Transducer

The conversion of the movement into a switching operation
and a contact force is the second important component of
the BIZEPS sensor because it establishes the connection
between the identification system and the contacts. A
serious problem concerning mechanical switching is the
dependence of the contact resistance on the contact force.
The contact force should amount to a certain given value
because the contact resistance decreases with increasing
contact force due to Hertzian stress and the resulting larger
cross section of the contact. Due to mechanical boundary
conditions and dynamic reasons, the contact resistance
cannot switch infinitely fast from “open” (R — o0) to
“closed” (R — 0) and vice versa. If the transit time is not
short enough the contact force facilitates the formation of
electric arcs, depending on the load to be switched, and
therefore causes an increased power dissipation in the
moment of switching which might damage the contacts.
Conventional mechanical switches avoid this state by a
sudden switching process as a result of hysteresis-related
switching characteristics. This can be achieved if the
mechanical energy, stored in the pre-stressed bending
plate, is released abruptly at the transition point. For this
reason, usually bi-stable mechanisms are implemented
(Seki et al. 1997; Qui et al. 2003).

Most commonly, flexure beams and flexure plates are
used as basic mechanical elements. However, flexure plates
are to prefer because they separate the measurand (in this
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case relative humidity) hermetically from the electronic
components including switching contacts and conductors.
By doing so, this facilitates the integration process of the
functional groups enormously and ensures compatibility.

In our experiments we used commercial silicon pressure
sensor chips processed with semiconductor and MEMS
technologies. The size of the chips amounts to 3 x 3 to
5 x 5 mm? with a 5-20 pm thin membrane (flexure plate)
of a size of 1 x 1 to 3 x 3 mm>. Polymer and hydrogel
films are either deposited onto the membrane by spin-
coating or placed into the cavity as pre-casted pieces or are
filled into the cavity as solution with subsequent chemical
polymerization.

Py=- 50 mbar V4= 50 mV

V,=- 50 mV

bridge voltage

100 mV p.= +60 mbar
1

V=

250 \ 500 f time [ps]

-
[

pressure

pressure, deflection (standardize)

o

time

o

Fig. 6 a Switching kinetics of a pre-stressed bending plate for a
continuous pressure change up to +60 mbar and back to —50 mbar,
b normalized pressure curve and corresponding normalized deflection
of the bending plate, measured using integrated piezoresistive
resistors in the bending plate (square bending plate area 9 mm>,
thickness 20 pm)

Figure 6 shows the bi-stable switching behavior of a pre-
stressed flexure plate under the influence of an applied pres-
sure. In these experiments pressure was used to mimic the
volume swelling and shrinkage of the hydrogel. The mea-
surement of the switching kinetics was performed using
square plates with integrated piezoresistive Wheatstone
bridges. This allows the direct measurement of both the plate
movement and the mechanical stresses within the plate.

When the flexure plate is loaded from the bottom with a
surface load and the load is increased continuously, the
plate snaps into the other at about 60 hPa. Figure 6 shows
that the switching process takes only a few microseconds.
At a negative load of 50 hPa, the flexure plate snaps back
to the initial state.

Figure 7 describes the calculated deflection of a pre-
stressed flexural plate. For this purpose, a simple model
based on two coupled, compressed springs was applied
which allows both the calculation of the operating force
and the contact force as a function of the deflection
(Fig. 7a). The results clearly show that pre-stressing the
plate is necessary to provide a sufficient contact force to
ensure a secure electrical mechanical switching kinetics.
Figure 7b depicts the calculated pathway versus the oper-
ating force when the bias voltage reaches the snapping
point. In a next step finite element (FE) calculations will be
used to advance the calculation of the sensor behavior.

5 Conclusions

The paper introduced the novel concept of BIZEPS as
threshold switches which take the switching energy
directly from the quantity to be measured. In this manner
they deliver the switching states “ON” and “OFF” without
any additional electrical energy. The sensor set-up com-
prises a stimulus-sensitive material which provides the
deflection that is transferred into the movement of the
switching contact by the transducer element.

As a first example humidity-dependant sensor switches
have been considered. PVA/PAA hydrogel was chosen as
recognition element, i.e. humidity-measuring component.

Fig. 7 a Mechanical (a) Operating force (b) 35,0
replacement circuit diagram of a l ‘—/’_'_ and path 30,0
pre-stressed bending plate with y o —_ /
compression springs, j// § — Spring E 25,0 /
b operating force as the function . N 8 200 /\
of the operating path E 150 / 1 /
%, 15
[=
o) . S
- AN NR g ., /
P - i o v
Moxfian %///‘;\‘—- Contact force %o 1,0 2,0 3,0 4,0 50
contact i
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Volume swelling of thick hydrogel elements provides
sufficient switching forces. Typical response time constants
are in the range of a few minutes. Fast switching within a
few microseconds can be achieved using pre-stressed
bending plates. This avoids arcing and enables reliable
switching. Next steps will be (1) the advancement of cal-
culating the switching behavior by using transient FE
analysis, (2) the investigation of the contact forces to
provide low contact resistivity values in the mQ-range as
well as reliable switching (see for example Hannoe and
Hosaka 1996; Bader et al. 2001), (3) the optimization of the
sensor set-up, and (4) the study of selected applications.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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