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Abstract— Although a handsfree man-machine interface is 
useful when the user’s hands are not free, existing handsfree 
input devices are not the type of device that are normally worn 
by people. We focus on a shoe as an input device because 
people normally wear it when they go out, and propose a shoe-
embedded interface. The input device is a sensor shoe. Weight 
sensors are attached at three positions on a sole: the first 
metatarsal, the fifth metatarsal, and the calcaneal tuberosity. 
These positions have been selected based on the characteristics 
of the human foot skeleton. Two types of foot operation have 
been used: tap and push. By combining these operations, 10 
commands have been defined. The sensor shoe houses an insole 
with hetero-core optical fiber sensor elements attached to it. 
These elements are sensitive to weight. We have built an 
experimental system that runs on a smartphone and provides 
the shoe-embedded interface, and conducted experiments with 
three test subjects to evaluate the system. The average rate of 
successful command identification was 89%. 

Keywords- shoe-embedded interface; heterocore optical fiber 
sensor; handsfree interface 

I.  INTRODUCTION 

In the field of human-computer interaction, there are 
intensive studies on a man-machine interface [1]-[6]. A 
handsfree interface is useful for people who are in a public 
space and whose hands are not free, such as passengers 
holding baggage in an airport, parents holding small children, 
and golf players. Most handsfree interfaces with practical 
products already available use speech recognition. Speech 
recognition has been widely implemented in mobile 
information devices, such as smartphones, tablet terminals, 
and laptop PCs. Handsfree interfaces generally consist of an 
input device and a processing terminal. In cases where 
speech recognition is used, the input device is either built in 
a mobile information device or a microphone connected to 
the input port of a mobile information device, and the 
processing terminal is the mobile information device itself. 
The processing terminal conveys the user’s intention to a 
given application by extracting a word from the waveforms 
sent from the input device, and identifying a pre-defined 
command that matches the word. 

In cases where the user is in a public space and his/her 
hands are not free, a problem with conventional human 
interfaces is that the user needs to wear an input device just 
for the purpose of acquiring this interface whether the input 
device is an earphone-equipped microphone or a headset for 

voice input, a head-mounted display or eye-glass-like device 
for eye-tracking input, a cap-shaped input device for a brain-
machine interface, or a camera to recognize a gesture or a 
motion. When the user does not need this interface, he/she 
has no need to wear such devices. 

We have focused on a shoe because people always wear 
it when they go out. Specifically, we have chosen to use a 
shoe-embedded interface because it is suitable for use in a 
public space. The input device is a sensor shoe with a hetero-
core optical fiber sensor element built in it [7]-[13]. The 
processing terminal is a smartphone. Section II gives an 
overview of the shoe-embedded interface. Section III 
describes three aspects of implementing the shoe-embedded 
interface: sensor shoe design, command input method, and 
command definition. Section IV describes the experimental 
system we have developed based on the proposed method. 
Section V reports on the experiment carried out using the 
experimental system, and evaluates the proposed method 
based on the experiment result. Finally, Section VI provides 
the conclusions and future work. 

II. SHOE-EMBEDDED HUMAN INTERFACE 

The shoe-embedded human interface is a wearable 
handsfree human interface. It consists of a sensor shoe and a 
processing terminal. A sensor shoe is a shoe with weight 
sensors. The weight sensors are attached to the insole of the 
user’s shoe. The user puts his/her weight on the sensors to 
input an operation. The sensors are so thin that the shoe 
appears to be a normal shoe. The processing terminal 
identifies the user’s operation from the weights measured by 
the sensors. The weight data is sent to the processing 
terminal using wireless communication. A smartphone is 
used as the processing terminal. Advantages of the proposed 
interface include resistance to noise, mobility and invisibility. 
The interface is highly resistant to noise because the user 
operates the sensor with his/her weight. It provides high 
mobility because the sensor shoe is not wired to the 
processing terminal. It is invisible to others because it 
requires only a sensor shoe and a smartphone. The user can 
use it without worrying about how he/she looks. 

One of the criteria generally used to assess the ease of 
using a man-machine interface is usability. Usability is 
defined in ISO9241-11[14]-[16] as “extent to which a 
product can be used by specified users to achieve specified 
goals with effectiveness, efficiency and satisfaction in a 
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specified context of use.” ISO9241-11 goes on to define 
effectiveness as “accuracy and completeness with which 
users achieve specified goals,” efficiency as “resources 
expended in relation to the accuracy and completeness with 
which users achieve goals,” and satisfaction as “freedom 
from discomfort, and positive attitudes towards the use of the 
product.” Ishikawa [17] states that “usability is often 
evaluated in terms of the achievement of specified goals. In 
other words, it is evaluated with a defined evaluation task.” 
However, it is difficult to generalize the functions of the 
potential device that will be operated by the user. Therefore, 
we focus on the simple task of selecting a function when the 
user is in a public space and his/her hands are not free. 

Figure 1 shows an example of the function selection task. 
In this example, the user in an airport selects the service of 
checking information about his/her reserved boarding pass 
from a list of services available. The user attaches his/her 
smartphone on the strap of his/her bag, and can see the 
display screen of the smartphone simply by looking down. 
First of all, the user inputs a start command to shift the 
system’s state from the walking state to the input state. Then, 
the processing terminal sends to the server an inquiry about 
services that are available at the airport, obtains a list of 
available services from the server, and displays it for the user. 
A unique command identifier is associated with each service. 
The user can recognize the associations between services and 
command identifiers from the positions of the identifiers on 
the screen. When the user inputs the command identifier 
associated with checking information about the reserved 
boarding pass, the processing terminal identifies it, and 
conveys this request to the server. In this case, effectiveness 
can be evaluated in terms of the probability at which the 
processing terminal correctly recognizes the command 
identifier for the service wanted by the user, or simply in 
terms of the rate of successfully identifying the intended 
command. Efficiency can be evaluated in terms of the 
amount of labor required to operate the user interface, or 
simply in terms of the number of input attempts. Since it is 
difficult to evaluate satisfaction in a general term, it is not 
addressed in this paper. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Example of the Use of the Proposed System. 

III. PROPOSALS 

A. Design of the Sensor Shoe 

A sensor shoe has three weight sensors attached to the 
positions shown in Fig. 2. These positions have been 
determined based on the structure of the human foot skeleton. 
According to Noda [18], the plantar arch, a characteristic 
feature of the human foot skeleton, is made up of three 
arches linking three points: the first metatarsal (the base of 
big toe), the fifth metatarsal (the base of the little toe), and 
the calcaneal tuberosity (the heel area that touches the 
ground). Noda also states that, when the entire sole is 
touching the ground, the weight is distributed on the three 
points at the ratios of 2 on the first metatarsal, 1 on the fifth 
metatarsal, and 3 on the calcaneal tuberosity. The selection 
of the sensor positions is based on this finding. 
 

 
 
 
 
 
 
 
 

Figure 2.  Positions of Weight Sensors. 

B. Tap and Push Operation 

The user’s operations are defined using variations in the 
user’s weight. Weight sensors handle only two types of data: 
duration in when the weight is measured and the weight 
value. Operations can be defined in terms of either duration 
or weight. In a method focusing on duration, a threshold is 
defined regarding the weight value to determine whether the 
user has intended to make certain operation or not. Multiple 
types of operation can be defined depending on the duration 
in which the user continues this operation. In a method 
focusing on weight, a point in time, such as 5000 ms after the 
transition to the input waiting state, is selected for the 
identification of the user’s intention. Multiple types of 
operation can be defined depending on the weight measured 
at that time. However, this method requires delicate control 
of the weight the user applies. Controlling the weight is more 
difficult than controlling the duration. Therefore, we have 
adopted a method focusing on duration.  

A command is defined by a combination of two types of 
operations: a tap operation and a push operation. A tap 
operation is tapping the sole of the user’s shoe on the ground. 
In this operation, the change in weight is expected to show a 
triangular wave, as shown in Fig. 3. By setting a threshold on 
the weight, it is possible to detect this operation through two 
steps: 

 
Step 1: Measure the weight that exceeds the threshold 

value 
Step 2: Measure the weight when it is below the threshold 

value over a certain duration. 
 

Weight sensors are attached
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Figure 3.  Change in Weight at the Time of Tap Operation. 

A push operation is applying weight on the sensor casing 
as if the user is pressing the sensor. In this operation, the 
weight changes in the form of a trapezoidal wave, as shown 
in Fig. 4. By setting a threshold value, it is possible to detect 
this operation through three steps: 

 
Step 1: Measure the weight that exceeds the threshold 

value 
Step 2: The weight continues to exceed the threshold 

value for more than a certain time 
Step 3: Measure the weight when it is below the threshold 

value 
 

 
 
 
 
 
 
 

Figure 4.  Change in Weight at the Time of Push Operation. 

C. Definition of Commands 

Ten commands have been defined by combinations of tap 
and push operations, as shown in Fig. 5. A unique command 
identifier is associated with each command. 
 

 
 
 
 
 
 
 
 
 
 

Figure 5.  Definition of Commands. 

Nine commands are represented by a push operation, and 
one command by a tap operation. The reason for defining the 
commands in this manner is as follows. Ishikawa [17] states 
that the task of selecting a function can be expressed as a 
hierarchical menu in a tree structure chart. If the number of 
commands to be defined for the task of selecting a function 
is small, the number of layers that must be crossed to reach 
the goal becomes large, resulting in an increased burden on 
the user because he/she needs to make a large number of 
input operations. Conversely, if the number of commands is 

large, it becomes a burden for the user to learn the required 
operations. One of the quantitative expressions of human’s 
short memory capacity is Miller’s Magical Number Seven, 
Plus or Minus Two [19][20]. He argues that the number of 
objects an average human can hold in working memory is 
around 7. This implies that if the number of commands used 
to select a function exceeds two digits, the burden of learning 
is large. Since such a burden reduces the efficiency of using 
the interface, it is necessary to minimize the number of 
commands. In the case of selecting one out of 50 functions, 
the relations between the number of commands and the 
calculated number of inputs are as shown in Table I. P stands 
for a “push operation,” and T for a “tap operation.” If the 
number of commands of push operation is 2, a tree that 
expresses 50 elements needs to have 6 layers. Just passing 
through each node requires one push operation (selection) 
and one tap operation (selection done). Therefore, to go 
through the 6 layers, a total of 12 operations are required. 
We have also studied other numbers of commands and found 
that, in cases where three weight sensor elements are 
attached to a sensor shoe, the number of required input 
operations is the smallest (i.e., the input operation is the most 
efficient) when the number of commands is 9. This is the 
reason why 9 commands are based on a push operation in 
this paper. 

TABLE I.  COMPARISON OF DIFFERENT NUMBERS OF COMMANDS IN 
TERMS OF EFFICIENCY 

IV. IMPLEMENTATION 

We have built an experimental system based on the 
method proposed in Section III. As shown in Fig. 6, the 
system consists of a sensor shoe, an optical measurement 
instrument, and a user operation detection application 
running on a smartphone[21][22]. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Structure of the Experimental System. 

Number of 
commands 

for selecting 
functions 

Required operations 
Number of 

inputs 
Burden of 
learning 

2 (P→T)×6 times 12 Small 
3 (P→T)×4 times 8 Small 
4 (P:2 times→T)×3 times 9 Small 
8 (P:3 times→T)×2 times 8 Small 
9 (P:2 times→T)×2 times 6 Small 
16 (P:4 times→T)×2 times 10 Large 
27 (P:3 times→T)×2 times 8 Large 

t
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Threshold

t
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Threshold
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Command ID Operation Patterns

1 Push A -> Push A

2 Push A -> Push B

3 Push A -> Push C

4 Push B -> Push A

5 Push B -> Push B

6 Push B -> Push C

7 Push C -> Push A

8 Push C -> Push B

9 Push C -> Push C
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Shoes-Style Input Interface
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(This will be more compact in the future)
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(Xperia: Smartphone)
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2.1-update1
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APL

Bluetooth
Connection
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The sensor shoe is an insole. The parts of the insole 
where weight sensors are to be attached were removed and 
replaced with sensor casings. A hetero-core optical fiber 
weight sensor was used as a weight sensor. As shown in Fig. 
7, a hetero-core optical fiber is composed of an optical fiber 
of a uniform core diameter with a small fiber segment with a 
different core diameter inserted. When the hetero-core 
optical fiber is bent, its optical loss increases. The hetero-
core optical fiber weight sensor uses this property. It is 
highly sensitive to bending. When a weight is applied on the 
sensor casing, the fiber is bent, increasing its optical loss. 
The sensor detects how big the applied weight is by 
measuring the optical loss. The weight is actually measured 
by the optical measurement instrument. An LED/PD (Light 
Emitting Diode / Photo Diode) power meter was used as this 
instrument. The experimental system measures optical loss 
(in mV) and sends the measured value to the processing 
terminal every 33 ms. Since weight is expressed as optical 
loss, the larger the weight, the lower the level of the optical 
signal. 
 

 
 
 
 
 
 
 
 
 
 

Figure 7.  Hetero-core Optical Fiber. 

The operation detection application software is 
configured as shown in Fig. 8, and is implemented on a 
smartphone. This application performs three functions: 
setting parameters for the experiment, calibration and 
operation detection. By calibration is meant the processing to 
equalize differences in users’ weights and in sensors’ 
sensitivities. The calibration was performed as follows. A 
push operation was applied to each element for 3 seconds a 
number of times, and the maximum and the minimum 
measurements were recorded. The difference between the 
maximum and the minimum values was multiplied by the 
value of a parameter we call a weight ratio. This value is 
subtracted from the maximum value. The result is used as the 
weight threshold. The pthreshold can be expressed as  

 
    pthreshold = pmax - { Weight Ratio × ( pmax - pmin ) }  （1） 

 
The other parameters used are the detection duration for a 

tap operation and that for a push operation. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 8.  Configuration of the Operation Detection Application. 

V. EXPERIMENT AND EVALUATION 

A. Detection Duration of a Tap Operation, that of a Push 
Operation, and Threshold Value 

Experiments were carried out using the experimental 
system. Parameters were set before starting the experiment. 
We measured changes in weights measured respectively by 
elements A, B and C in Fig. 5 when a tap operation and a 
push operation were respectively applied in order to 
determine the duration needed to detect an operation 
successfully. As show in Fig. 9, 85% to 90% of the measured 
weight data concentrated on either the range where the 
optical measurement value was between the maximum value 
and that minus 25% or the range where it was between the 
minimum value and that plus 25%. We found that the weight 
fell in one of these ranges only when an operation was 
applied, and therefore, it is possible to detect an operation by 
setting the weight threshold in the middle of these two ranges. 
When the threshold was calculated with the weight ratio at 
0.7, it took 100 ms to 200 ms for the user to perform a tap 
operation, as shown in Fig. 10, and 600 ms to 1100 ms to 
perform a push operation, as shown in Fig. 11. Therefore, we 
decided that operations can be detected correctly if we set the 
detection duration for a tap operation to around 200 ms, and 
the detection duration for a push operation to slightly below 
600 ms. 
 

 
 
 
 
 
 
 

Figure 9.  Polarization of Measured Values. 

 
 
 
 
 
 
 
 
 

Figure 10.  Measurement for a Tap Operation. 
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TABLE  II.     SCREENSHOTS OF THE SMARTPHONE 

 
 
 
 
 
 
 
 
 
 

Figure 11.  Measurement for a Push Operation. 

B. Experiment Conducted using the Experimental System 

We carried out an experiment to examine how the 
experimental system behaves. It was conducted in 4 steps: 

Step 1: Set the parameters 
Step 2: Establish a Bluetooth connection 
Step 3: Set calibration and threshold values 
Step 4: Select a function. 
 
Figure 12 shows a test subject wearing the sensor shoe of 

the experimental system. Table II shows screenshots of the 
smartphone at each step, and the user’s state that can be 
inferred from it. 

 
 
 
 
 
 
 
 
 
 

Figure 12.  User wearing the Sensor Shoe. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C. Evaluation of the Successful Command Identification 
Rate 

We had three test subjects. They learned how to operate 
the system for about 10 minutes before starting the 
experiment. They input the ten commands in sequence from 
command identifier 1 to 10. They tried these several times so 
that we could examine the probability at which the 
commands they intended to input were identified correctly. 
The parameter values used in this experiment were 200 ms 
for the tap operation detection duration, 400 ms for the push 
operation detection duration, and 0.7 for the weight ratio. 
The result of the experiment is shown in Table III. A 
screenshot of the experimental system taken during the 
experiment is shown in Fig. 13. 

TABLE III.    RESULT OF THE COMMAND IDENTIFICATION EXPERIMENT 

 
 
 
 
 
 
 
 
The three subjects conducted the experiment a total of 

220 times, of which their input commands were identified 
correctly 196 times. The rate of successful identification for 
the three subjects ranged from 86% to 95%. The average rate 
was 89%. 
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Figure 13.  Screenshot taken in the Experiment. 
(Each subject input commands in sequence from 1 to 10. An erroneous 

identification occurred in the seventh input attempt) 

VI. CONCLUTION AND FUTURE WORK 

We have focused on foot as a user interface that provides 
high mobility, a high command identification rate, and 
ability to complement information, hence the proposal of a 
shoe-embedded interface. This interface was implemented by 
attaching sensors at three points on the insole of a shoe. 
These points were selected based on the characteristics of the 
shape of a human foot. Commands were defined by a 
combination of two operations: push and tap. We have 
devised a method of indicating one of 10 alternative 
commands by a single foot operation. We have developed an 
experimental system that implemented the proposed method, 
and used it to evaluate the probability at which input 
commands are identified correctly. In our experiment with 
three subjects, the average rate of successful identification 
was 89%. 

In the future, it will be necessary to examine the rate of 
correct identification and possible occurrences of system 
failures in cases where the user is running or walking. It is 
also necessary to study how providing recommended options 
to users can increase the amount of information the user can 
input without impairing usability. 
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