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Abstract

This study describes a novel floor sensor network being devel-
oped to provide a competitive and universal pressure mapping
technology for a wide range of medical, research and security
applications. The presented sensor network consists of 16 sen-
sor elements distributed in a 4x4 sensor matrix. The sensor ele-
ments are made of a special dielectric electro-active polymer
film being capable of capacitive sensing of the surface pres-
sure. Each sensor unit is 200x160 mm resulting in an overall
sensor matrix size of 800x740 mm. A high precision and high
speed sensor interface was realized to provide a differential
capacitance measurement method fulfilling the specific meas-
uring requirements of the sensor matrix. Based on the measure-
ment results, the developed sensor network is capable of meas-
uring the distributed weight on their surface with an accuracy
of 5 kg, however, this initial measuring accuracy can be signifi-
cantly increased by improving the manufacturing technology of
the sensor elements.
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1 Introduction

Pressure mapping is an innovative technology providing a
solution for a wide range of applications that has been available
for many years but is still not widespread owing to the high
prices of the used sensor materials.

A pressure mapping system is an array of sensors contained
in a flexible mat that measure interface pressure, which is
defined as the pressure that occurs at the interface between the
body and the support surface. Depending on the application,
the surface pressure being distributed on the sensor matrix can
be monitored or processed by special algorithms to make con-
clusions and decisions in order to trigger a control, warning or
alarm signal.

Pressure mapping systems are used by product designers
and test engineers throughout the research, design, testing,
and manufacturing cycle to verify and enhance product perfor-
mance. The informative data allows companies to save money
in design, design verification, reengineering and machine set-
up costs. Some examples of the possible application fields
including general purpose pressure mapping, seating and mat-
tress pressure mapping, tire tread pressure measurement, wiper
force measurement and ergonomic pressure measurement are
shown on Fig. 1.

Fig. 1 Applications of pressure mapping systems [2]

Pressure mapping systems are also used for patient care and
medical researchers. Some medical studies and applications
including in-shoe pressure analysis, barefoot pressure analysis,
seating and positioning pressure analysis, joint pressure analy-
sis and animal gait pressure analysis are shown on Fig. 2.
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Fig. 2 Applications of pressure mapping systems [2]
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2 Research objectives

The main objective of the presented research project was to
develop a competitive and universal floor sensor network which
provides a platform technology for a wide range of medical,
research and security applications. The major milestones of the
project were the determination of the proper sensor material,
the development of a high precision and high speed evaluation
electronics, the construction of a prototypic floor sensor net-
work and the development of basic software functions which
controls the evaluation electronics, processes the output signals
of the electronics and visualizes the distributed weight on each
sensor elements with the aid of a graphic-interface.

3 Sensor matrix
3.1 Choosing the sensor material

Pressure mapping systems are highly dependent on the mate-
rial properties of the pressure transducer. The most important
properties of a sensor element are the scalability (which allows
to fit the geometrical resolution according to the application
specific requirements), the sensor linearity (which allows a
weight measurement independent from the pressure distribu-
tion on the elements) and the sensor respectively noise sensitiv-
ity (which allows the desired measuring precision of 1 kg). The
specific cost of the sensor material, the manufacturing costs of
the sensor matrix respectively the necessary evaluation elec-
tronics and the patent situation are also important in order to
provide a competitive technology.

In order to find the proper sensor material a literature research
regarding the available pressure sensitive materials was done.
A detailed analysis and evaluation based on the above men-
tioned requirements was performed on a pre-selection of the
considerable sensor materials (resistive sensor material [2],
piezoelectric sensor material [3], real-charge electrets material
[4], electro-active polymer material [5]). The analysis of the
sensor materials is not treated in this paper. Related work can
be found in [1]. Based on the results of the analysis a particular
DEAP (dielectric electro active polymer) material working on
a capacitive principle was chosen.

DEAP is an elastomeric polymer sheet or silicon film coated
on both sides with conductive material which act as electrodes.
A sheet of the material is equivalent to a parallel plate capacitor
and its capacitance is dependent on the area of the electrodes

and the distance between them. These geometries are altered by
applying mechanical stress on the sheet resulting in a changing
capacitance, thus such films can be used as a capacitive dis-
placement or pressure sensor.

Danfoss PolyPower A/S develops and manufactures a spe-
cial optimized DEAP material [5]. The PolyPower DEAP film
consists of a thin silicone dielectric material (~40um) with a
special corrugated surface (~7um) and very thin layer of com-
pliant metal electrodes (~100nm) on top of it. During the roll-
to-roll manufacturing, two sheets of on one side corrugated and
metallised silicon films are laminated together resulting in the
patented design (Fig. 3), which ensures significantly higher
performance for both sensor and actuator applications than
other alternative design of DEAP materials.
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Fig. 3 Polypower DEAP

Surface pressure can be measured when the compliant Poly-
Power sensor material is configured for thickness mode. Due
to the special corrugated surface the measured capacitance
change is linearly proportional with the applied pressure [1]. In
addition, the used scalable roll-to-roll manufacturing technol-
ogy allows for volume production.

3.2 Preparation of the sensor matrix

The Danfoss PolyPower DEAP film is manufactured with
a scalable roll-to-roll technology, thus the raw material was
available in Sm x 0,2m rolls. All the 16 sensor units having a
size of 200x160 mm each were prepared on a single sheet roll.
The prepared sheet roll was cut into smaller pieces consisting
of 4 sensor units each and these pieces were mounted together
forming a 4x4 sensor matrix being shown on Fig. 4.
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Fig. 4 Layers of prepared DEAP film
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The sensor electrodes and wiring were prepared by remov-
ing the unwanted electrodes with the aid of an oxidizing agent
on both side of the DEAP film (sodium hypochlorite). The
metal electrodes are very fragile and can easily be damaged. In
addition, the large electrode surface makes the sensor network
susceptible for electromagnetic interferences, which would
limit the possible measuring accuracy. In order to resolve these
problems, some additional layers were applied for the proto-
typic sensor build-up as shown on Fig. 5.
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Fig. 5 Sensor matrix built-up

The prepared DEAP film was laminated with a self-adhe-
sive polypropylene film (isolation layer) and an aluminium
foil (shielding layer) which has to be grounded. Additionally,
the laminated sensor matrix have been covered with a thin
soft foam material on the upper side and with a further poly-
propylene film on the bottom side which provides for a better
mechanical protection. The laminated sensor network exclud-
ing the protective layers is shown on Fig. 6.

Fig. 6 Sensor matrix excluding protective layers

For the electrical contacting of the row and column elec-
trodes a self-adhesive conductive tape was used.

4 Sensor interface
4.1 Scanning method

When applying a sensor structure such as the one shown in
Fig. 4, there are many crosstalk currents passing through sen-
sor units other than the actual measured sensor element. These
currents can interfere with the measurement as shown in Fig. 7.
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Fig. 7 Crosstalk currents in case of not properly scanned sensor matrix

There are several methods of preventing these surrounding
currents. The sensor elements could be measured completely
independently [6]. However, by this method, field effect tran-
sistor (FET) switching is performed at every sensor element,
which not allows achieving a thin and flexible measuring com-
ponent. Snyder et al. [7] proposed the method of preventing
these crosstalk currents by inserting diodes at all of the meas-
uring points. However, this method cannot be used for capaci-
tive sensor elements where the excitation signal is an AC sig-
nal. In addition, Purbrick proposed the current mirror method
[8]. This method eliminates crosstalk current passes by setting
the drive lines that are not a consideration for the measured
sensor unit at a potential equal to the output voltage. Similar
to this method, Hillis proposed the zero potential method [9].
By changing the output circuit of the voltage mirror method,
the voltage of the scanning electrodes is set to a zero potential
resulting in a simplified circuitry.

The scanning method used in the proposed floor sensor net-
work is designed by taking the above points into consideration.
In Fig. 8, the conceptual diagram of the scanning circuit is shown.
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Fig. 8 Crosstalk currents in case of zero potential scanning

Excitation voltage is applied to the row to be selected while
the other rows are brought to zero voltage. As for column direc-
tion, the input stage of capacitance measuring circuit (virtual
ground) was connected to the column to be selected and other
columns are brought to zero voltage as well. Applying the zero
potential scanning method, the measurement error owing to
crosstalk currents electrodes can be excluded.

4.2 Measurement method and circuit

A main milestone of the floor sensor network project was
the development of a high precision and high speed evaluation
electronics (being capable of handling 1000 sensor units and
of detecting capacitance changes in the order of 100 ppm of
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Fig. 9 Capacitance measurement circuit

the nominal capacitance value with a sampling frequency of
2 kHz). On the basis of literature research, a state-of-art and a
novel measurement circuit were developed [10-11]. As conclu-
sion of this study a conventional bridge measurement [12-13]
method has been chosen for the first technology demonstra-
tor. The block diagram demonstrating the operation principle
is shown in Fig. 9.

The used bridge circuit consists of two current-to-voltage
converters, forming the two branches of the measuring-bridge,
and of an instrumentation amplifier observing and gaining the
amplitude difference of the signals. The operational amplifier
as well as the instrumentation amplifier was chosen with an
upper corner frequency slightly above the frequency of the car-
rier signal (acting as low-pass filters) to achieve good high fre-
quency noise suppression.

The high-pass filters were implemented to reduce and elimi-
nate the effect of the low-frequency noises, even the effect of
noises having a frequency content in the same order of magni-
tudes as the carrier frequency itself. For this purpose a fourth-
order Chebyshev high-pass filter was used. The Chebyshev
high-pass filter provides a rather high gain rolloff below the
cutoff frequency with the drawback of having magnitude rip-
ples in the passband. Since in case of an amplitude modulated
measuring system, the operating frequency is a single fre-
quency, this drawback is rather irrelevant.

Due to practical experiences, a half wave rectifier is having
less ringing than the full wave rectifiers, making this topology
more suitable for our purposes. Two major requirements are
considered at the dynamic design of the envelop detector: on
one hand the settling time of the controlled circuit cannot be
longer as ten times the period time of the carrier frequency (100
kHz), on the other hand the carrier signal have to be filtered
out at least with 80 dB. In order to satisfy the above condi-
tions, a sixth-order Bessel low-pass filter was implemented.
The Bessel low-pass filters have a linear phase response over a
wide frequency domain, resulting in a constant group delay in
that range. Due to this reason, Bessel low-pass filters provide

optimum square-wave transmission behaviour, which is impor-
tant in order to have a fast settling time of the resultant system.

The good noise suppression of the circuit allows applying
a higher gain on the instrumentation amplifier which provides
the capability of measuring very small capacitance changes.
However, the higher is the measuring gain, the smaller is the
measuring range. To be able to apply the highest possible gain,
the bridge circuit is balanced for each unloaded sensor ele-
ments by a sensor-individual adjustment of the excitation sig-
nal. The sensor-individual balancing is performed with the aid
of a variable gain amplifier.

The switching circuit performing the zero potential scan-
ning consists of 8 analogue three state switches (signal, open
and ground) being connected to the control unit over an 8-bit
parallel data bus.

5 Experimental setup and results
The complete experimental setup is shown on Fig. 10.
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Fig. 10 Experimental setup
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The basic functionality as control of zero potential scan-
ning, sensor-individual adjustment of excitation signal and
the visualization of the loading state of each sensor elements
were modelled in MATLAB Simulink and implemented in a
dDPACE rapid control prototyping system.

The sensor elements are scanned sequentially using the zero
potential scanning method. The sensor-specific amplitude of
excitation signal is set for each sensor units by an analogue
gain control signal. The gain control voltages are determined
by a onetime balancing of the unloaded sensor units. The
measuring signal is captured and converted to physical signal
(surface load) after the settling time is elapsed. The registered
loading values are visualised with the graphical interface of the
rapid control prototyping software as shown on Fig. 11.

Fig. 11 Floor sensor network system in operation

The measured values are visualized on both optical (the dif-
ferent loading states were represented with different colours on
a virtual sensor network) and numeric way (the actual meas-
ured values were shown on a numeric matrix). Above measure-
ment was done a few days after the balancing of the circuit with
unloaded sensor elements. The loading values of the unloaded
sensors are representing the medium-term drift of the sensor
elements (in the range of few kilograms). This medium-term
drift can be eliminated by a continuous balancing of the meas-
urement circuit. Additionally, the loading state of two elements
was registered in time to study the dynamical deviations of the
measurement as shown in Fig. 12.

Fig. 12 Weight-time diagrams of the loaded sensor units

The registered weight-time diagrams of the two loaded sen-
sors are showing some unexpected jumps of the signal (in the
range of 5 kg) in the loaded states. These disturbances are aris-
ing from the manufacturing errors of the sensor elements (e.g.
remaining air voids during lamination of additional layers)
owing to the lack of professional manufacturing technology.

6 Conclusion

In this study, a thin, flexible, sheet-like floor sensor network
and corresponding measuring/evaluating electronics were
developed. Instead of the conventional pressure sensitive mate-
rials such resistive, piezoelectric or real-charge electrets films,
a much cheaper material was used. The current market prices
of the studied materials are shown in Table 1.

Table 1 Specific costs of studied sensor materials

Sensor material and manufacturer Specific costs [€/m2]

Pressure sensitive conductive rubber sheet

~880
by Tekscan Inc.
Metalized piezoelectric PVDF film 2150
by Measurement Specialities Inc.
Real-charge electrets film
~1100
by Emfit Ltd.
Electro-active polymer film
~335

by Danfoss Polypower A/S

Furthermore, the applied roll-to-roll manufacturing tech-
nology and the lower raw material costs of DEAP (in compari-
son to the other sensor materials) allow a significant decrease
of specific costs in case of larger production volumes provid-
ing a competitive technology for industrial applications (e.g.
surveillance or patient monitoring). The first technology dem-
onstrator was able to detect the movement of a person and to
register the weight distribution on its surface with an accuracy
of 5 kg.

A Novel Floor Sensor Network Technology

201559 3 141



After improving the manufacturing process of the sensor
network (which is supposed to increase the measuring accuracy)
and increasing the number of sensor units, the implementation
of higher level functions (e.g. trajectory recognition, personal
identification, weight analysis) can be realised. An improved
floor sensor network could provide a technology platform
for developing advanced applications (e. g. orthopaedic step
analysis, fall or intrusion detection).
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