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Abstract. In previous research, we proposed a method to collect accel-
erations in daily haptic behaviors using a ZigBee-based microcomputer.
However, the method for classifying the collected data was not sufficiently
implemented. We therefore propose applying collected data to classify
rubbing haptic information. In this paper, we implemented a classifica-
tion approach for haptic information collected by our method. We used a
convolutional neural network (CNN) to classify the information. We per-
formed a classification experiment in which the CNN classified 18 types
of information, 93.2% on average. We also performed an experiment to
classify rubbed objects in real-time. The CNN was able to classify five
types of objects, about 67.7% on average.

Keywords: ZigBee-based microcomputer · haptic information · convo-
lutional neural network

1 Introduction

In the field of tactile display, many researchers are developing systems that
employ recorded vibration as a tactile signal, and these systems present high-
quality tactile sensations. To enhance this type of display method, it is necessary
to collect and classify recorded vibration during haptic behaviors. Consequently,
various studies of the collection and classification of recorded vibration in hap-
tic behaviors have been performed [1, 2]. However, most of these studies have
collected tactile information under limited experimental environments using de-
vices with many sensors. Therefore, it is difficult to collect haptic information
outside of the experiment environment, for example in daily behavior.

In a previous research, we proposed a solution to the problem of collect-
ing haptic information without complicated devices [3]. Using this approach, we
collected only acceleration data as haptic information. Using a ZigBee-based mi-
crocomputer with an accelerometer, we collected haptic information more easily
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than by conventional research methods. We previously reported that our method
can collect acceleration data from rubbing haptic behaviors on a table. We also
proposed applying collected data to classify haptic information. Our previously
implementation used Support Vector Machine (SVM) and classified eight types
of data with an accuracy of about 80%. However, if we change machine learning
method, there is a possibility of getting higher accuracy.

Therefore, we implemented a method in the current study to classify hap-
tic information collected by our method using machine learning. We attached
a ZigBee-based wireless microcomputer with an accelerometer to the experi-
menter’s finger or pen while they traced various objects, and we collected accel-
erations during haptic behaviors on a table. As a machine learning method, we
used convolutional neural network (CNN) to classify the haptic information with
high precision. We succeeded in classifying 18 types of data with an accuracy
of about 93%. We also performed an experiment to classify rubbed objects in
real-time. The CNN was able to classify five types of objects, about 67.7% on
average.

2 A method of collecting and classifying haptic
information

In this study, we demonstrate our method of collecting and classifying haptic
information. Acceleration in haptic behaviors is collected by a ZigBee-based mi-
crocomputer and then classified by machine learning using CNN. In the following
sections, this method will be described in detail.

2.1 ZigBee-based microcomputer with acceleration sensor

Many studies have used mechanical vibrations in the band of 0–1 kHz frequency
band as haptic information for haptic display, and their implementations have
produced highly realistic information, such as the TECHTILE toolkit [4]. There-
fore, we also collected mechanical vibration information within 0–1 kHz as hap-
tic information. For that purpose, our implementation was based on a small
ZigBee-based microcomputer equipped with an accelerometer capable of collect-
ing vibration information in the 0–1 kHz range.

In this study, we used a ready-made device, TWE-Lite-2525A (MonoWireless
Inc. [5]), shown in Fig. 1. This device consists of a 3-axis accelerometer and a
ZigBee wireless communication module with a small battery cell as a power
supply. The device was 25 mm square and its weight was 6.5g; it is capable of
wireless communication using ZigBee, such that it can be installed and operate
on various objects. To save power, we added a sleep mode to the device, during
which it measures acceleration at low frequencies until the measured acceleration
exceeds the set threshold, and then begins measurement at high frequencies after
the threshold is exceeded.
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Fig. 1: TWE-Lite-2525A, Mono Wireless Inc. [5]. This sensor node includes a
3-axis accelerometer, ZigBee transfer module, and battery cell (CR2032).

2.2 Data transmission

To classify haptic information by machine learning, the collected acceleration
data was transmitted to a personal computer (PC) by wireless communication
using ZigBee. The ADXL345 accelerometer installed on the device can measure
vibrations at 800 Hz. However, I2C communication between the accelerometer
and the ZigBee wireless module, as well as ZigBee communication between the
wireless module and the computer, must be taken into consideration; thus, the
actual value was considerably lower than 800 Hz. The measurement rate of the
microcomputer was 33 Hz using the program as written at the time of purchase;
this rate is insufficient for the transmission of haptic information.

Therefore, we adopted a method to pack 10 sequentially measured values into
one packet. We implemented this method as a new program in a microcomputer
to facilitate the measurement of 3-axis acceleration at about 330 Hz.

2.3 Classification by machine learning

In this subsection, we describe a method to classify collected data by machine
learning. In a previous study [3], we classified data by machine learning using a
support vector machine (SVM). In the current study, to improve the number of
classes, we employed a CNN-based machine learning method. We used a total
of 13 CNN layers for data classification. The configuration is shown in Fig. 3.
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Fig. 2: Composition of CNN.

As the input data to this CNN, we used clusters of 200 consecutive points
(each point includes 3-axis data: x, y, z), which were randomly extracted from
the acceleration data. This method increase the number of learning data and
improve generalization performance of the model. The output data of this CNN
was the probability of the type of haptic information input.

We used TensorFlow [6], a machine learning library provided by Google, to
build the CNN. We built the CNN with reference to the model of VGG [7] which
is a typical CNN composition; we reduced the amount of data to be convoluted
by one convolution layer, and increased the convolution layer to improve the
accuracy of classification. We used the ReLU function [8] as the activation func-
tion and a convolution filter of size 1×5. We doubled the number of filters for
each pooling to improve generalization. In the pooling layer, maximum pooling
was performed at 1×2, and data was compressed to half so that CNN would be
robust against shape of data. In addition, overfitting was suppressed using the
Batch Normalization algorithm [9] after calculating the activation function in
each convolution layer and in the fully connected layers.

3 Classification experiment

We collected and classified haptic information using the method described in the
previous section and verified the accuracy of the classification of this collected
information. In addition, we performed an experiment to classify rubbed objects
in real-time.

3.1 Classification of 18 types of haptic information

We performed an experiment to classify 18 types of haptic information. We will
describe this experiment in detail below.
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Settings The haptic information was collected by the experimenter. Attaching
the ZigBee-based microcomputer to their finger or a pen, the experimenter traced
the surfaces of objects with various textures, thus collecting many types of haptic
information. This collection process is shown in Fig. 3. The textures used in this
experiment are shown in Fig. 4.

Fig. 3: Collection of tactile data. The microcomputer was put into the 3D printed
case, attached to experimenter ’s finger or pen and operated to collect haptic
data.

Each texture to be examined was a plate-like object of about 100 mm in
length and width. In Fig. 4, carpet1, carpet2, carpet3 were pieces of carpet
made with different materials; sponge-g and sponge-y were the front and back of
a household sponge. Objects with a texture similar to that of sponge-b were made
of Styrofoam; stonetile1, stonetile2, and stonetile3 were stone tiles made with
materials of different texture; whitetile1, whitetile2, and whitetile3 were white
flooring tiles with different textures; woodtile1, woodtile2, and woodtile3 were
wooden plates with different textures; sandpaper40, sandpaper80 were sandpa-
pers with different roughness.

Haptic information was collected by rubbing these objects with a finger or
pen at an almost constant speed of 400 mm/s. At the surface of each object,
acceleration data were collected during three minutes of back-and-forth rubbing
movement. By performing this operation three times per object, nine minutes
of acceleration data were collected per object. As shown in Fig. 4, 10 types of
objects were used in this experiment. We rubbed each object with a finger and
rubbed each object except “sandpaper40” and “sandpaper80” with a pen. We
collected a total of 18 types of data (10 types of finger data×8 types of pen data).
We could not collect accurate data from sandpaper rubbed by pen, because the
data collection process damaged the tip of the pen; therefore, we discarded these
data.



6

carpet1 carpet2� carpet3
�

sandpaper40
�

sandpaper80�

sponge-g� sponge-y� stonetile� whitetile
�

woodtile
�

Fig. 4: Textures. These are plate-like object with length 70–100 mm and width
100–130 mm.

We evaluated classification by machine learning using the CNN. The CNN
input included 3×200 values of acceleration data, and the output was a prob-
ability of 1×18, the probability of an object having been rubbed to create the
input data. During classification, to confirm the generalization performance of
the model created by this CNN, we divided all data by 10 and performed 10-fold
cross-validation.

Result We describe the accuracy of the data classification experiment in Table
1, which shows the confusion matrix obtained by classifying 18 types of data.
We obtained an accuracy of 93.2% on average, indicating that we succeeded in
classifying 18 types of information with high precision.

As shown in the confusion matrix, we obtained an accuracy exceeding 80%
for all results. Therefore, in this experiment, we found that critical overfitting did
not occur. However, this result does not mean that there was no overfitting. The
best result shown in the confusion matrix was woodtile-pen, at 97.2%; however
the worst result was sandpaper40, at 83.1%. There was a difference of 14.1%
between the pen and finger results, and a small amount of overfitting occurred.

For sandpaper40, the correct result was 83.1%, and the incorrect result was
17.9%. The largest of the incorrect results for sandpaper80 was 6%. Among the
incorrect results for sandpaper80, sandpaper40 was incorrectly classified at 7.8%,
the largest value among incorrect results. From these results, we conclude that
it was relatively difficult to classify fine textures.
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Table 1: Confusion matrix for the classification of 18 types of data.
A B C D E F G H I J K L M N O P Q R

A: carpet1 0.947 0 0 0 0.021 0 0 0 0.011 0 0 0 0.011 0 0 0 0.011 0

B: carpet1-pen 0 0.954 0 0.034 0 0 0 0 0 0 0 0.011 0 0 0 0 0 0

C: carpet2 0 0 0.892 0 0.039 0 0.01 0.02 0 0.02 0.01 0 0 0 0.01 0 0 0

D: carpet2-pen 0 0.01 0 0.951 0 0.01 0 0 0 0 0 0.01 0 0.01 0 0.01 0 0

E: carpet3 0.031 0 0.041 0 0.907 0 0 0 0 0 0.021 0 0 0 0 0 0 0

F: carpet3-pen 0 0 0.011 0.021 0 0.947 0 0 0 0 0 0 0.011 0 0 0.011 0 0

G: sandpaper40 0 0 0 0 0 0 0.831 0.06 0 0.048 0 0 0.048 0 0.012 0 0 0

H: sandpaper80 0 0 0.019 0 0 0 0.078 0.893 0 0 0 0.01 0 0 0 0 0 0

I: sponge-g 0 0 0 0.009 0 0 0 0 0.92 0.009 0 0.054 0 0 0 0.009 0 0

J: sponge-g-pen 0.02 0 0 0 0 0.01 0.029 0 0 0.922 0.02 0 0 0 0 0 0 0

K: sponge-y 0.01 0 0.029 0 0 0 0.01 0.01 0 0 0.941 0 0 0 0 0 0 0

L: sponge-y-pen 0 0.008 0 0 0 0 0 0 0 0 0 0.967 0.008 0.008 0 0 0 0.008

M: stonetile 0 0 0 0 0 0 0.009 0 0 0 0.019 0.019 0.925 0 0.028 0 0 0

N: stonetile-pen 0 0 0 0 0 0 0 0 0 0 0 0.009 0.009 0.972 0 0.009 0 0

O: whitetile 0.01 0 0 0 0 0 0.01 0.01 0 0 0 0 0.01 0 0.923 0 0.038 0

P: whitetile-pen 0 0 0 0 0 0 0 0 0 0 0 0 0 0.01 0 0.948 0 0.042

Q: woodtile 0 0 0 0 0 0 0 0 0 0.009 0 0 0.009 0 0.009 0 0.972 0

R: woodtile-pen 0 0 0 0 0 0 0 0 0 0 0 0 0 0.009 0 0.019 0 0.972

3.2 Object classification in real-time

We performed an experiment to classify rubbed objects in real-time. We clas-
sified five types of rubbed object using the CNN model. We will describe this
experiment in detail below.

Settings An experimenter collected haptic information by attaching the ZigBee-
based microcomputer to their finger and rubbing the surfaces of objects with
various textures. The textures used in this experiment were carpet1, carpet2,
carpet3, sponge-g, and sponge-y (Fig. 4). Haptic information was collected by
rubbing these objects with a finger or pen at an almost constant speed of 400
mm/s. At the surface of each object, acceleration data were collected during five
seconds of back-and-forth rubbing movement. We performed this operation 15
times per object each day, on six consecutive days. We collected a total of 90
observations per object.

We collected new data for this experiment because we had obtained less than
10% accuracy on average in the nine-minute data collected in section 3.1. We
determined that the rubbing method (e.g., finger angle, rubbing speed) changed
slightly each time data was collected during that experiment. When we collected
nine-minutes data, we collected data only three times per objects. Therefore,
when the nine-minute data was used, CNN model learned only three types of
data per object; thus, the CNN model did not attain adequate generalization
performance. To solve this problem, we used six-days data. If we use six-days
data representing 90 times collections per object, CNN model can learned 90
types of data per object and get better generalization performance. Therefore,
CNN model using six-days data was better than using nine-minutes data.
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We created the CNN model to identify objects by rubbing. The CNN input
was 3×200 acceleration measurements, and the output was a probability of 1×5,
the probability of an object having been rubbed to create the input data. We
used 80% of all data as training data and the remaining data as test data. We
used the test data to confirm the progress of CNN learning.

Using this CNN model, we classified objects rubbed by an experimenter in
real-time. The instant he collected data, we inputted data and classified. He
collected a total of 20 5-second observations as new data. Using this method,
we classified each input value 10 times; that is, we conducted 200 classification
experiments per object. The output of this CNN was the object from which the
haptic information had been derived.

Result Table 2 shows the accuracy of the experimental results. These accuracies
represent averages of 20 classifications. Table 3 shows the confusion matrix for
the classification of five objects.

Table 2: Accuracy of classification of haptic data collected by touching five ob-
jects.

carpet1 carpet2 carpet3 sponge-g sponge-y

67.5% 71.0% 41.5% 83.5% 75.0%

Table 3: Confusion matrix for the classification of haptic data collected by touch-
ing five objects.

A B C D E

A: carpet1 0.955 0.045 0 0 0

B: carpet2 0.053 0.789 0.105 0.053 0

C: carpet3 0 0.095 0.714 0.143 0.048

E: sponge-g 0 0 0 1 0

F: sponge-y 0 0 0 0 1

In Table 2, we obtained an accuracy of 67.7% on average. The best accuracy
was 83.5% (sponge-g), and the worst was 41.5% (carpet3). There was a large
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difference between the best and the worst accuracies. In Table 3, the accuracy
for detecting carpet3 was 71.4% and this represented the least accurate result,
which is consistent with the trend shown in Table 2. As shown in Table 3,
the accuracies for detecting sponge-g and sponge-y were 100%. Because these
values are very high and there was a large difference between the best and worst
accuracy results, we conclude that overfitting occurred.
　
The insufficient generalization performance of the CNN model may explain

these results. To solve this problem in the future, we will design the CNN model
using more observations than used in this experiment. In addition, we will review
the CNN settings to improve the results.

4 Conclusion and future work

In this research, we implemented a method in the current study to classify haptic
information collected by our method using CNN.

Using a compact wireless microcomputer with an acceleration sensor applied
to the tip of a finger or ballpoint pen, an experimenter rubbed various objects
at approximately 400 mm/s, collecting 18 types of haptic information. We then
classified these data, obtaining an accuracy of 93.2%. We concluded that we were
able to classify haptic information with high accuracy. In addition, we performed
an experiment in which haptic data from five types of touched objects were
classified using a CNN model, and obtained an accuracy of 67.2% on average.
We determined that the rubbing method (e.g., finger angle, rubbing speed) may
change slightly each time data is collected.

In the future, we will review our CNN settings to explore the possibility
of improving classification accuracy, for example, by changing the number of
convolution layers. In addition, we will apply our method in different settings.
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