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positive input of the device’s programmable gain instrumentation amplifier (PGIA), and the other
is connected to the negative input of the PGIA; low settling times at all gains ensure the maximum
resolution of the ADC is used. Differently to other works, we do not use any multiplexers for the
voltage readings, but collect the data simultaneously from all the electrodes, thus decreasing electrical
noise and the settling time. Furthermore, our design guarantees the possibility of switching between
different types of voltage reading modalities (i.e., collecting differential voltage data between either
adjacent or non adjacent electrode pairs).
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Figure 2. On the left, our customized printed circuit board (PCB) is shown. On the right, schematics of
the PCB in our proposed electrical impedance tomography (EIT) system, with the sensor connection
block, two multiplexers, and a Howland current pump are shown. The board can be supplied with
either USB or a wall block power supply.

For the management of the DAQ card, we use the MATLAB Data Acquisition Toolbox to collect
data and generate the 10 bit digital signal for the control of the two multiplexers. This approach allows
for reading data into MATLAB for immediate analysis.

To further clarify the working principle of the system, a block diagram of our sensor system setup
is shown in Figure 3.

Figure 3. Block diagram of the EIT-based sensor system for current injection and voltage measurement.

3. EIT-Based Stretchable Sensor

Our ElT-based sensor is realized using a thin, stretchable piezoresistive fabric material that
translates touch pressure into local changes in its resistivity. We have taken inspiration from the work
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of [9], and have followed our previous work [18], in which we developed the first prototype of an
eight-electrode pressure-responsive sensor based on EIT.

In this paper, we present our 16-electrode sensor, which is based on a conductive stretchable
fabric from the Eeonyx Corporation, made with nylon and coated with conductive doped polypyrrole
(Figure 4a,b). The material has a surface resistance of 30 K(), and it is low-cost and lightweight.
A 3D-printed circular frame made of two disc layers is used to house the conductive sheet.
The frame presents 16 extrusions, where conductive copper stripes are placed to create the electrodes.
The conductive fabric is then placed between the two discs, firmly in contact with the surrounding
electrodes, as shown in Figure 4c.

Although a mathematical framework for an EIT-based pressure-sensor membrane was presented
in [19], this model was also based on the hypothesis of incompressibility, which is not sufficient for the
conductive fabric employed in this work. Here, we have relied on the model of [1], which presents a
more general approach to solve the EIT inverse problem.

The image of the pressure contacts over the sensor is reconstructed by comparing two voltage
data sets: V? is used as a background reference and V! is the resulting potential measured when
pressure is applied. Additionally, as the DAQ card is constantly updating V!, this method guarantees
that no initial calibration is needed.

Figure 4. Our EIT-based stretchable sensor. In (a), the conductive fabric material in shown, and (b) shows
the material when stretched. In (c), the conductive fabric is placed between the two 3D printed discs.

Image Reconstruction

The image reconstruction is carried out using a MATLAB program based on the EIDORS
package [20], which is available under a General Public License. After the image (xp) of the
conductivity changes is reconstructed, it requires post-processing, as it presents artefacts due to
noise and possible electrode movement. To minimize these effects, we work on the image pixel values
[¥p]; and select the region of interest (ROI) in which the maximum amount of conductivity change has
taken place. The processed image (¥p) is found as follows:

)

). = {[xb],- if[xp); > f - max (o)
0 otherwise

where [xAp]i are the pixel values of (¥p), and f is the threshold for the selection. The ROl is therefore

the region of (xp) for which the pixels of (xp) are non-zero.

Is it clear that, because the choice of f determines the size of the ROJ, it has a great impact on
the final image, as shown in Figure 5. A number of studies have been conducted regarding the best
choice of the threshold factor [7,21], but still heuristic selection is very common. In our case, we choose
f=10.10, as it performed best in our experiments.
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Figure 5. Examples of reconstructed images after a conductivity change has taken place on the
stretchable pressure sensor. From left to right, the raw reconstructed image with a positive conductivity
change (in red), and the region of interest (ROI) with different threshold factors f.

4. Measurement Results

4.1. Voltage Data Parameters

The tests shown here were conducted using the adjacent stimulation method for the current
injection and measurement pattern because of its well-known use in EIT literature. In this method,
two neighbours’ electrodes are used for the current stimulation, while voltage data is read between the
remaining adjacent electrode pairs, as seen in Figure 1. Other types of strategies can be used, but these
are outside the scope of this paper. An explanation on the different drive pattern typologies can be
found in [22].

The tests presented here were performed by using a current of I = 32 uA and a power supply
of 16 V. This configuration gives a power consumption of about 10 mW, which is far lower than that
presented in literature. This value can be further reduced to 3mW when using a current of 10 uA
supplied with a power supply of 5V.

In order to judge the quality of the resulting signal, we use the SNR:

|E[Vi]|

SNR = ~20logy
1

@
where E[V;] is the mean of multiple measurements for each channel and Var(V;) is the variance
between these measurements.

In Table 1, the mean SNR and the mean absolute deviation (MAD) among different measurement
sets are shown for both tested currents. The results demonstrate that, in order to further reduce the
power consumption, the drive current amplitude must be decreased without greatly affecting the
system performance.

Table 1. Mean signal-to-noise ratio (SNR; dB) and mean absolute deviation (MAD; mV) in the case of
two different current amplitudes.

I=32pA I=10pA

SNR 55 49
MAD 0.5 0.4

4.2. Boundary Data Collection

’

We chose a sample time for the voltage readings of 62,500 samples/s and selected the multiplexers
input and output channels for the 16 current injections through the digital output voltages of the DAQ.
Additionally, the total number of collected samples for each channel was selected via software to be
800, which made it 50 for each injection step; this number guaranteed a data collection rate of 78 Hz,
which was adequate to have a temporal resolution suitable for EIT touch-sensing applications.
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Figure 6 shows an example of the voltage data set acquired through the first DAQ differential
channel, namely the difference between electrodes 1 and 2 at each current injection step. The profile of
the boundary data potentials indicates the effective multiplexers’ channel switching with a precise
conveyance of the control digital bits. Additionally, the image shows that choosing a number of
samples for each channel equal to 800 is a good compromise between reaching the static conditions at
each time step and having a fast data set update rate. In fact, it is visible that the effects of transients
are negligible after just 25 samples. For each current injection time step, the mean value of the samples
is calculated after the static conditions are reached. This is then used as the final value for calculating
the 208 voltage data set, as seen in Figure 7. In order to qualitatively demonstrate the quality of the
hardware setup and the voltage data, Figure 8 shows the reconstructed images when a pressure input
is applied in different positions over the sensor. In the reconstructed figures, a red colour indicates
a positive change in the conductivity, while a blue colour represents the ringing artefacts, which are
bands or "ghosts" near the edges, typical of linear filters such as EIT systems.
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Figure 6. Measured voltage output signal on DAQ channel 1, obtained with 16 sequential DC current
excitation signals. Mean values were calculated at each injection time step for each channel after the
static conditions were reached, and contributed to creating the final voltage data set.
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Figure 7. An example of a 208 voltage data set for a typical 16-electrode EIT system.

X

Figure 8. Reconstructed images for a pressure input applied in different locations over the sensor.
On the right is the final image showing the ROI representing the maximum conductivity change. A red
colour indicates an increase in the conductivity.

5. Conclusions

A high-speed EIT system that concurrently implements constant current injection and differential
potential measurements has been developed for EIT-based sensor applications.

Our customized PCB design implements a Howland current pump and two analog multiplexers
for the constant current injection. They are controlled using a 10 bit digital signal originating from
the DAQ. The voltage data measured at the electrodes placed around the fabric sensor show the
multiplexers operating in the required sequence, and also show that the data is successfully acquired
for reconstructing the image of the pressure input on the stretchable sensor. The reconstructed images
for different contact points over the sensor demonstrate the efficiency of our EIT-based sensor.
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Our system is able to capture data at 78 frames/s and its power consumption can be brought
down to 3 mW when using a current of 10 pA supplied at 5 V.

The advantages of this approach in contrast to those found in the literature are the following:
(a) the less complicated hardware design makes it low-cost and more suitable for wearable systems,
and (b) it has a low power consumption. Furthermore, our design is advantageous for touch-sensing
applications, as its high speed guarantees that the voltage data collection is complete before any
noticeable change in conductivity occurs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-7080/5/3/48/s1:
Video S1: EIT Sensor.
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