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Figure 5: Resolution at 50% maxima. Mean (left) and standard deviation (right) curves for a circular geometry, adjacent
measurement pattern and 9 current injection patterns with fixed Gaussian noise levels increasing from top (.07µV RMS) to
bottom (7µV RMS). A total of 200 reconstructions were performed for each element.

1. Set the hyperparameter value initially to 1;

2. Solve the EIT system and reconstruct the image for
all elements in the mesh;

3. Calculate the resolution and distance error metrics
for each element as presented in Section 3.2;

4. Calculate mean and standard deviation for all ele-
ments in the mesh;

5. Reduce the hyperparameter and go to step 2.

It is important to recognise that some noise is to be
expected in any practical EIT implementation such as a
robotics sensitive skin. As shown in Figure 5, changing
the hyperparameter also represents a trade-off between
the resolution and performance in the presence of noise.
As the value of the hyperparameter approaches unity,
the resolution decreases but the robustness to measure-
ment noise improves. Although good selection of the hy-
perparameter value is required, the resolution curves for
all drive patterns are similar (Figure 5) so that precise
selection of the hyperparameter value is not necessary
when comparing drive patterns.

4 Simulation Results

Singular value decompositions (SVDs) of the Jacobian
for all current excitation patterns were calculated, and
normalised singular values for some of these drive pat-
terns are presented in Figure 6. Plots show a rapid de-
crease between index 70 and 130 which confirms the ill-

posedness of the system. The variations in divergence
from the low to high singular value positions clearly
shows that the ‘opposite’ drive pattern is the most ill-
conditioned, confirming results obtained by Avis and
Barber [1994].
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Figure 6: Normalised singular values of the Jacobian for a
circular geometry and eight different drive patterns.

Resolution results (Figure 7) show the performance of
different injection patterns for a fixed hyperparameter
based on the best possible resolution without the addi-
tion of noise. These results demonstrate that including
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a reference electrode in the centre of the geometry im-
proves the resolution for all current excitation patterns.
The reciprocity principle is also confirmed, since identi-
cal results are obtained if current excitation and poten-
tial measurement patterns are transposed.
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Figure 7: Resolution at 75% maxima for a circular geometry,
adjacent and centre measurement patterns and nine current
injection patterns.

Simulation results for image resolution with the addi-
tion of fixed levels of Gaussian noise (Table 1) confirmed
the results obtained by Shi et al. [2006] who found that
the adjacent method performs worst in the presence of
noise while the 7th (pseudo-opposite) method has bet-
ter performance than others. In addition, this result
demonstrates that the performance of the system is still
the best when an electrode is located in the centre of the
body.

Table 1: Mean and standard deviation of resolution at 50%
maxima for fixed hyperparameter and 7µV RMS noise in a
circular geometry.

Measurements
Adjacent Centre

Pattern
Mean SD Mean SD

1 78.82 2.72 82.76 1.33
2 80.03 2.20 82.88 1.20
3 80.47 1.97 82.72 1.15
4 80.69 1.87 82.70 1.29
5 80.74 1.84 82.76 1.28
6 80.68 1.85 82.83 1.21
7 80.50 1.88 82.92 1.20
8 80.26 1.92 82.26 1.51

Centre 82.76 1.33 82.58 1.28

If we examine the performance of each element in the

body, the best resolution and noise rejection is obtained
near the boundary where most of the current flows. Fig-
ure 8 shows a comparison of the performance (mean and
standard deviation) of each element with fixed hyperpa-
rameter and noise level. These results show that includ-
ing an electrode in the centre of the geometry improves
the response of the system particulary in the area where
the worst performance was initially expected.

Figure 8: Lateral view of resolution at 50% maxima in a cir-
cular geometry and 7µV RMS noise. Adjacent (left column)
and centre (right column) measurement patterns. Mean (top
row) and standard deviation (bottom row) of all element in
the mesh.

Reconstruction results presented in Figure 9 show the
expected image for the same noise levels and conductiv-
ity changes in two different geometries if a single element
is stimulated. Only the patterns of current excitation
were changed from one reconstruction to the other.

5 Conclusions

The interpretation of touch is highly complex. When
implementing an artificial sensitive skin for robotics, we
need to take into account several requirements which
are to some extent dependent on the robot’s applica-
tion. This work was focused in the development of a
full-body sensitive skin based on EIT, with the main ob-
jective of contributing to improving robotic interaction
through touch.

Electrical impedance tomography is an imaging tech-
nique in which the internal conductivity of a body can be
estimated by using only measurements on its boundary.
If this technique is applied in a thin, flexible and stretch-
able material that responds to touch with local changes
in conductivity, an artificial sensitive skin can be cre-
ated. Unfortunately, this is an ill-posed inverse problem
in which small changes in the measurements can cause
large unpredictable changes in the reconstruction; par-
ticulary in the centre of the body, where less current
flows.
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Figure 9: Reconstruction for different drive patterns with
7µV RMS noise. Stimulus (top), adjacent drive pattern (mid-
dle), adjacent injection pattern and centre measurement pat-
tern (bottom).

It has previously been argued that in EIT the best res-
olution could be obtained by using the adjacent method,
while an improved reconstruction in the presence of noise
was achieved with the pseudo-opposite current injection
pattern. This work has demonstrated, however, that
adding a reference electrode in the centre of the ge-
ometry improves resolution, consistency along the body
and reliability in the reconstruction. Furthermore, a
centre reference for all voltage measurements simplifies
hardware implementation and permits parallel measure-
ments, hence reducing data acquisition times.

This paper also introduced a number of metrics that
can be used to evaluate the performance of the EIT im-
ages in terms of location and resolution of a single stim-
ulus. These metrics also characterise the ability to dif-
ferentiate between stimuli applied to different locations
on the sensitive skin.

Although tests were performed where reference elec-
trodes were located in different places inside the body,
the best resolution and robustness to noise was obtained
with a reference electrode placed at the centre of the
geometry, where the worst performance was initially ex-
pected.

Future work might be needed to locate the best posi-

tion for the reference electrode in more complex geome-
tries where performance needs to be improved in areas
distant from the centre. In addition, a number of refer-
ence electrodes could be added to improve resolution in
areas that have high aspect ratios.
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