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Abstract. Socially assistive robots are in the focus of research for a
while. These robots are to be in close interaction with humans and try
to communicate in a natural way. One intuitive modality for interaction
is touch. This paper describes the design of our service robot intended
for use in private homes of elderly people. We combined capacitive touch
sensors at the stiff parts of the robot’s shell with a pressure sensitive
textile array sensor on the flexible back of our robot. A detailed descrip-
tion of the construction and properties of our pressure sensitive matrix
sensor is presented. Furthermore, a maximum likelihood classification
algorithm is presented, which is capable of online classification without
explicit segmentation of touch gesture events in before.
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1 Introduction

The work presented here is part of the SYMPARTNER!' project, which aims
at developing a service robot intended to live together with elderly people in
their private homes [1]. This project continues our previous work on socially
assistive robots [5, 6, 14]. Like its predecessors, the new designed robot is capable
of autonomous navigation in the apartment and, therefore, can bring specially
designed services to the user. These services comprise calendar management
with active reminders, communication via video telephony, encouraging people,
entertaining by means of presenting various media and social companionship.
One function, which is also relevant for the interaction in a sitting position is
the ability to stop the robot’s autonomous navigation in order to allow the users
to position the robot manually according to their demands. For that purpose, it
is necessary to enable the robot to notice when people push or grab it, which has
been realized by means of capacitive touch sensors. A pressure sensitive patch on
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the back of the robot additionally can be used for receiving unspecific feedback
to the robot in form of petting gestures or small slaps. The robot will show an
emotional reaction expressed by means of facial animations and sound outputs
in that case. This functions is intended to reinforce the relationship of the user
and the robot. In our ongoing work the feedback via touch gestures will be used
for adaptation of the robot’s interaction behavior.

The remainder of this paper is structured as follows: First, related work in the
field of haptic human robot interaction will be discussed. Then, the robot and
the tactile sensor hardware will be described in detail followed by an introduction
to our real-time classification approach for touch gestures on the sensitive patch
on the back of the robot.

2 Related Work

Tactile sensors have a wide range of application and come along with different
qualities of the signal gained. On the one hand, there are systems providing only
a touch signal (capacitive sensors), and on the other hand there are force or pres-
sure sensors. Detectable forces thereby can be in perpendicular direction only
or the amount of shearing forces at the surface is detectable as well. Further-
more, the position of a touch event can be distinguished more or less accurate,
whereby the amount of independent touch areas is of interest for a system de-
signer. Similarly, there is a variety of physical measurement principles available
like optical, capacitive, and resistive effects as possible sources for information
[16]. Additionally, [2] proposed a method for using changes in the magnetic field
generated by bending small magnetized fibers on a surface. Also acoustic surface
waves have been used for recognizing changes in the transmission characteristics,
if an object (e.g. a hand) gets in contact with the surface. An important aspect
for practical application of such systems in a robotic prototyping application is
the manufacturing process. Commercially available touch sensor systems often
are not suitable for the curvy shape of a robot or can only be adapted with high
costs. Nevertheless, there are several projects explicitly dealing with the develop-
ment of complex artificial skin [9]. For application at a human hand prosthesis,
these systems comprise a variety of modalities like pressure, temperature, and
humidity. On mobile assistive robots these modalities would be interesting too,
but at the moment these techniques may break the budget of many robotics
projects. A survey on artificial skin and tactile sensing for socially interactive
robots can be found in [15].

A popular approach to overcome the shape restrictions is the usage of a
flexible textile material, able to cover non-planar and even flexible surfaces [13].
Especially for recognition of social touch gestures on artificial creatures, such
low cost solutions are widely used [3,4].

With the availability of pressure array sensors a competition for gesture clas-
sification and recognition methods emerged [8, 7]. Open questions here are: What
is a useful set of distinguishable gestures? and Which features and classifier are
best suited for the data? In a former project, we also developed a pressure sen-
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sitive patch of fur [11], that could be mounted on the convex head of our service
robots Max and Tweety. With a simple Bayesian classifier, we were able to clas-
sify chunks of pressure data. This approach and also other popular methods [4]
have the problem, that touch signals first have to be segmented before a classi-
fication, which leads to a delay for the recognition depending on the size of the
window to be classified.

In this paper, we propose a sliding window classifier, which is able to overcome
that drawback and is able to detect an event as soon as the pattern makes a
distinction from other classes possible.

In addition to the pressure array sensor for touch gesture recognition, a ca-
pacitive touch technique has been used on our previous robots as well [10] in
order to enable them for motor assisted pushing of the robot. In contrast to
that, our new platform can be moved with ease, and a simple binary signal for
stopping the robot’s autonomous movements is sufficient.

3 Robot Hardware
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Fig. 1: Overview on the robot’s sensor systems mainly used for autonomous nav-
igation and interaction with a user.

Fig. 1 shows our robot platform with the sensors available. The robot has
been designed by University of Siegen [17] and was manufactured by Metralabs
GmbH Ilmenau. Its mobility is based on a differential drive, and the robot has
battery capacity for about 4 hours of mobile operation, where two dual core
mobile PCs and a variety of active sensors have to be provided with power.

Int. Conf. on Haptics and Touch Enabled Computer Applications (Eurohaptics), Pisa, Italy, pp. 476-88, Springer 2018



Together with its charging station, the robot is able to autonomously recharge
itself. With this capability, an around-the-clock operation can be guaranteed.
The footprint of approximately 45 x 55 c¢m is chosen to be as small as possible
in order to allow for navigation in narrow indoor environments. For navigation
purposes, the system is equipped with a SICK laser range scanner at a hight
of 20 cm, two ASUS Xtion RGB-D cameras on the back and on the head fac-
ing downwards. For people detection, a Kinect2 RGB-D sensor is mounted at a
tiltable head. Interaction is mainly supported by a 15’ touch display and sound
outputs. Head animations using a second display and two movable ears are used
to communicate emotions and internal states of the robot. To complete the hu-
man interface, the robot has capacitive touch sensors at the base and a pressure
sensitive textile sensor array at the back side of the neck (see Fig. 1 right side).
Both of these sensors are controlled by a circuit board (see sec. 5.2) connected to
the robot’s PC via USB. In the following, these sensor systems will be described
in more detail.

4 Capacitive Touch Sensors

First part of the robot’s tactile interface is a set of capacitive touch sensors,
which are mounted at the inner side of the 3d printed outer shell. As mentioned
before, we only need a binary signal to stop the robot’s movement, if a contact is
detected. Therefore, the low spatial resolution of only eleven panels (see red faces
in Fig. 1 right side) is sufficient. The sensitive areas are on the back, on the front,
on both sides, and in the inner sides of the compartment beneath the display,
which is the first choice for grabbing the robot to pull it from a sitting position.
The sensor panels are made from a self adhesive copper foil directly attached
to the plastic parts. The subdivision of the sensitive surface helps to keep the
areas of the individual sensors small, which is necessary, since the relative change
of capacitance when touched by a human hand gets smaller if the area of the
electrode is large (see Fig. 2). By means of that, we could apply a standard IC
(AT42QT1111) for reading the capacitance values into the microcontroller for
evaluation.

In software, there is a continuously working calibration implemented. This
allows to find the individual quiescent values for each of the panels by means
of a moving average filter. The sensors are quite sensitive, such that the robot
also gets signals when it is moving close to obstacles depending on the material
(see next subsection and Fig. 2). For recognizing a touch event, we introduced a
simple threshold for the difference of the actual signal and the average, that is
high enough to avoid false detections in a normal home environment.

4.1 Properties of the Capacitive Sensors

The capacitive sensors respond to different materials and objects with specific
characteristics. An experiment, where hands, legs, and a couch have been placed
in different distances to the sensor surfaces, shows this property (see Fig. 2).
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Fig. 2: Characteristics of capacitive sensors regarding material of the interacting
object (right) and size of the electrodes (left); Values left of the dashed line are
after contact with increasing pressure and thus increasing contact area.

This makes it difficult to derive the actual distance or pressure values from the
sensor readings. The curves also show, that after contact (left of the dotted line)
the pressure or contact area increases the signal further.

The comparison of the sensor responses at the various electrodes of different
size shows that smaller electrodes give larger signals since the huge electrodes
already have a higher capacitance even in untouched conditions. Differences in
electrode size and sensitivity can be individually adjusted by means of the values
of the reference capacitors on the circuit board.

The graphs of Fig. 2 shows, that it is possible to find a threshold for recog-
nizing contact with a hand without reacting to close by situated furniture and
legs, which is very important for all autonomous navigation tasks.

5 Pressure Sensor Array

The more interesting part of the tactile interface is the pressure sensitive matrix
sensor. Like [13] and others we used textile materials for building the pressure
sensor, since the treatment of such material is relatively easy and does not require
any special equipment. Regarding the construction of resistive matrix sensors,
we already had some experience from former projects [11], but for this robot we
tried new materials and increased the number of channels and thus the spatial
resolution of the sensor.

The layered structure of the matrix sensor basically consists of two conductive
electrode layers one implementing the rows and the other one for the columns
(see Fig. 3). The conductive material for these layers is an emf shielding fleece
(100dB RF Shielding-Fleece Aaronia X-Dream™ by AARONIA AG), which has
a coating with conductive adhesive at the back. In between these electrodes, a
piezoresistive layer of Eeontex™ stretch fabric forms the sensitive elements at the
crossing points of the rows and columns. The Eeontex™ material has a surface
resistivity of 20k§2/em?. In addition to these active layers, the matrix consists of
two layers of iron fleece to give the sensor its structure and the wiring by means
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of enamelled copper wire. The sensor is wrapped in a cover from cotton fabric
to realize the haptics and color specified by the designers. The completed sensor
finally is sewed onto the 2mm thick back piece made from flexible transparent
plastic.

5.1 Manufacturing the Sensor

In our former approach [11], the electrodes were made from copper coated nylon
fabric sewed at a carrier layer of fabric. For the much smaller electrodes of our
new construction, manual sewing was not a useful option anymore. Therefore,
we have chosen a bonding solution. The electrodes were cut out, and the matrix
layout can easily be arranged by fixating the strips at a sticky worktop with
the adhesive side facing upwards. The electrodes have a width of about 13mm
with a gap of 4 — 5mm (see Fig. 3). This gap is necessary to limit the crosstalk
in the matrix, since there are no diodes that would allow to address individual
cells. There also exists a fabric material, which already has a stripe pattern of
conductive and insulating regions. Unfortunately, for our layout parallel stripes
were not suitable, and the bonding of wires to that stretchy material is also
not easy. In other setups of resistive textile matrix sensors, a spacer layer can
be found between the electrodes and the piezoresistive material [4]. This exists
to completely disconnect cells that are not touched. Unfortunately, this spacer
increases the minimum pressure that is recognizable by the sensor, so we left
that out accepting the resulting cross talk effects.

After laying out the electrodes, the wiring bond to the electrodes by means
of self adhesive copper foil. After the wiring, a patch of iron fleece can be sticked
to the arranged electrodes and the layout gets finalized by ironing. Fig. 3 on the
left shows the row and column electrodes bond to the carrier. Fig. 3 on the right
side shows the resulting sensor matrix with the piezoresistive layer in between.

Fig.3: (left) inner sides of the electrodes assemblies of the pressure sensitive
matrix sensor, (right) sensor array sewed together.
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5.2 Electronic Circuit

The electronics for reading out the sensors is based on an ATMEGA328P mi-
crocontroller. The resistive matrix is addressed via two analog multiplexers
(74HD4067), one for the columns and one for the rows (see Fig. 4). This al-
lows for 16 by 16 cells of spatial resolution, whereby only a part of this amount
is used due to the irregular shape of the sensor area on the robot. A reference
resistor is used to get a varying signal at the analog digital converter of the
microcontroller. The microcontroller also communicates to the capacitive touch
controller (AT42QT1111) via SPI and sends out the captured and preprocessed
sensor values to the PC via USB.

Pressure measurements of a tactile matrix sensor
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5.3 Properties of the Matrix Sensor

We did a series of experiments with a prototype of the matrix sensor to find
out the characteristics of the specific materials. Fig. 5 shows the dependency of
voltage at the adc input over the force (simple weight) put on a 1 by 1 cm patch
on the matrix sensor. The graph shows that the sensor has its best resolution
in the region below 400p, which corresponds well to the forces occurring during
natural touch gestures. According to [15], these are in a range from 0.3N to 10N.
The sensor also shows correlating signals at very low forces below 50p/cm?,
but they are difficult to distinguish from the changing quiescent value. That
leads to a drawback of the setup using loose layers of flexible materials. After a
pressure event, the sensor needs some time to get back to its resting state, which
additionally can change in a limited range. That is the reason for the necessity of
a run-time calibration that can deal with such unsteady signals. Alternatively,
classification working on the temporal derivatives of the sensor values can be
applied.

One further effect of a resistive matrix is a crosstalk between cells in the rows
and columns of active cells. Because of the high resistance of unpressed matrix
cells (= 1M {2) compared to the values of a pressed cell (~ 30k{2), the amount
of crosstalk activations can be neglected for our application.
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6 Signal Processing and Online Gesture Classification

6.1 Calibration and Preprocessing

The microcontroller is programmed to read out each of the 256 matrix elements
a;; at an internal rate of 100Hz with 10bit resolution. These raw signals at
first are low pass filtered using a moving average filter in order to reduce the
noise. Afterwards, they get sub-sampled and transmitted to the PC with a rate
of 20Hz (now called aj ;). As mentioned before, the resting state of the array
sensor can change over time. Therefore, the individual minimum values m; ; are
tracked over time using the following equation for temporal smoothing / low-pass
filtering;:

mt = min{a’,m'~! + 7(a’ —m')} (1)

Here the time constant 7 defines the adaptation speed. Knowing the individ-
ual minimum values, for each sensor cell a normalized activation value 7} ; is
computed by subtracting the minimum and scaling it by a constant gain g; ;.

7’;]» = min{maz{gi,j(a;j — me»)7 k}, 1} (2)
This simple scaling is reasonable, since the characteristic is nearly linear in the
region below 300p/cm?. The values finally are cropped to [k, 1] range and get
further processed in the classification algorithm. The lower limit k£ = 0.08 is to
cancel out noise and crosstalk activations.

6.2 Gesture Classification

To enable the recognition of touch gestures, in our previous approach [11] an
event detection was employed, that captured fixed size sequences of the signals
(4 sec) starting with excitation of an activity threshold. Because of this, the
classification was always a bit delayed especially for short gestures (slap). This
approach had been used to ensure that the pattern is always aligned to the
window in the same way, and thus the variance in the data was reduced.

In order to overcome this delay problem, we now apply a sliding window clas-
sifier, which therefore has to deal with more variance in the patterns, because
they are not longer aligned to the boundaries of the segmented classification win-
dow. An event detection is realized on a sample-based decision. We have chosen
a probabilistic classifier that can provide a posterior probability distribution of
the actual gesture classes given the features f* of the current window of the sig-
nals. Only if one class has a significant probability, the event is triggered. The
advantage of this approach is, that gestures can be recognized as soon as the
patterns are significantly different to the other classes independent of the length
of the gestures. For the evaluation in this paper, we used a window length of 3
seconds, which equals 60 samples to be processed.

As shown by [8], Bayesian classifier and more complex classifiers like SVMs
can reach similar results. Therefore, we expect reasonable results despite the
usage of such simple methods like Gaussian Mixture Models (GMM). Simpler
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models additionally have the advantage of requiring less data for training com-
pared to complex models.

For each of the gesture classes ¢ € C, a Mixture of Gaussians model
p(f|C =c¢) o Yo wpeN(F|pg, B¢) is learned from a training dataset by means
of the Expectation Maximization (EM) algorithm in order to implement a max-
imum likelihood classifier. In our application, the inference of p(C|f?) is done at
the rate of the incoming pressure values (20H z), where the a-priori probability
of the gestures p(C) was supposed to be uniform. If the probability of one class
raises above a threshold and the class id did change, a gesture event is send to
the application.

Social interaction gestures could successfully be classified based on the area,
pressure, and their dynamics [12]. Also [4] defined a sliding window and ex-
tracted statistical features min, max, median, mean, and variance of pressure,
and centroid position. Therefore, we also rely on a set of statistical features of
the pressure signals. For computing features for a time window, at first basic
feature values are extracted from the activation matrix of each time step r{ ; in
the window:

the maximum activation f{ = max; ;{r} ;}
the sum of the cells activations f§ =37, {r};

— the number of active cells (which corresponds to the area) f§ = [{r] ; > k}|
the center of activation in the two dimensions of the sensor surface fi =

(ZUZ Tf])/fé and f§ = (Zi,jj Tf])/fé

To derive a feature vector for a time window ¢ € {tg, .. .t59} the maximum, mean
and variance of the raw features f{, fi and fI over all time steps in the window
are computed. This provides the first nine features. Additionally, the number
of time steps with at least one active cell is used as a feature describing the
duration of a gesture. To encode the movement of the contact area, the distance
of the activation centers of consecutive time steps is accumulated as a further
feature followed by the variance of the 2d center of activation. One drawback
of this approach is that the features do not describe where in the time window
the patterns take place. This can be improved in future, e.g. by subdividing
the window. Unfortunately, this would increase the dimensionality of the feature
vector. Concluding, we have twelve features describing the signals in the sliding
time window with a length of 3 seconds.

6.3 Evaluation and Results

For the scenario of our application, four gesture classes should be distinguished.
These are (i) a stroke gesture that is used for praising the robot, (ii) a tickling
gesture to provoke an emotional reaction, (iii) a pushing gesture, which actu-
ally is not intended for communication but occurs when the robot is positioned
manually, and (iv) a slapping used to objurgate the robot for its behavior.
There are other datasets having much more classes [8], but [7] showed, that fine
granular gestures are not to distinguish robustly e.g. scratch and tickling.
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Since touch gesture data depends on the actual sensor and its configuration
on the robot, we captured an own gesture datasets with gestures performed by
8 persons. During the recording, the desired class was given in before, and there
had to be a break of at least 4sec between consecutive gesture events. All the
dataset comprises 200 events in 88,800 samples. For the training, the demanded
class label simply is assigned to the feature vectors of all timestamps of a session
also including silence intervals in between. By means of that, all class models
contain the silence and transition features and, therefore, a balanced probability
distribution will result in the classification process, if there are not characteristic
features for one particular gesture (see Fig. 7 in between the events). For valida-
tion, the actual events have been segmented by means of an activity threshold
on the raw pressure data to yield a ground truth (see bottom line of Fig. 7). For
all further evaluations, a cross-validation was used, where each time the data of
one person was used for validation and the other 7 datasets for training.

per sample cross-validation results

confusion matrix

stroke| tickle| push| slap S of detected events
lence -

ground detection
st'roke 5822 161 93 53 6 truth| stroke| tickle| push| slap
tickle| 34 1761 19| 68| 97| [wrorol 341 4l af 1
push[ 93]  3[5931] 89| 0| raqel 6 El o8
slap 0 99 26| 773 49 push 6 1 37 3
not rec-| 1 7171] 19882| 9490/ 19839| 14285 slap of 13[ 1] 25

ognized Correct: 148/200 = 0.74

TPR of all samples: 0.32
TPR of detected samples: 0.95
(bold faced submatrix)

False detections: 52/200 = 0.26
Misses: 51/200 = 0.25

Fig. 6: Confusion matrices for cross-validation results.

First, a parameter grid search was done, where the number of components
and the probability threshold have been optimized. Best performance for event
detection was found at a threshold of 0.99 and n = 5 mixture components. Fig.
6 (left) shows the resulting confusion matrix for a sample based classification.
When the probability threshold was not exceeded by any of the classes, samples
got count as not recognized. The true positive rate for sample-based classification
is rather low with only 32%. Nevertheless, the correct classification rate of all
samples with a significant probability is 95%, which seems promising for the
event detection, because for the duration of a gesture not every sample needs to
be classified, but one needs to have a high probability and the correct class. An
evaluation based on the events showed satisfactory results (see Fig. 6 right). 74%
of the 200 events could be detected correctly, while 25% were not detected at all.
Additionally, 26% false detections occurred. Fig. 7 shows the classifier results for
a part of the data. It can be seen, that the tickling and slapping gestures often
do not reach high significance, which is due to the short and weak activation,
which also can be part of the other gestures, too.

The actual classification results on unrestricted gesture datasets containing a
variety of people seem to be too insufficient in terms of absolute numbers, which
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is caused by the inherent inter-personal variance of the data. Nevertheless, in a
real application on a robot, which directly gives a feedback to touch gestures, a
learning effect can be observed at the users. People change their touch patterns
until the robot shows the intended reaction. This is similar to a human-human
or human-pet situation. Therefore, we do not try to collect a huge dataset that
covers a great variance of gestures. Such training data would reduce the distinct-
ness of the gesture classes. Instead, we successfully applied the model containing
only a limited but consistent set of samples, that gives the robot a character in
terms of specific patterns that lead to an appropriate and consistent reaction.

Classification results on validation data

(AL L A

I e e A A ] rr
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|
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Fig. 7: Output probabilities for the classes stroke (blue), tickling (red), pushing
(green), and slapping (magenta) over a validation dataset, the ground truth
events are shown below.

7 Conclusion

With our experiments we showed, that it is possible to realize a multi-modal
touch interface for a mobile assistance robot with very inexpensive materials and
construction processes. Furthermore, we found that the classification of touch
gestures in practice is acceptable. The pressure matrix system is able to distin-
guish coarse classes of different gestures independent of the position they are
performed.

In future robotic projects, we plan to apply the pressure matrix solution
again, while we will benefit from the easy production process and the high con-
figurability of the approach. One further aspect of interest is the crosstalk effect
in resistive matrix sensors in multi-touch situations. We currently work on an
efficient computationally compensation but also try to combining the capacitive
sensors and the pressure sensors to mask out the phantom activations in the
pressure matrix.
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