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Abstract— We have developed a net-structure proximity sen-
sor that detects the azimuth and elevation to a nearby object.
This information can be used by robots to avoid obstacles
or to respond to human behavior. We propose detection
principles where the azimuth is detected by arranging two one-
dimensional net-structure proximity sensors along orthogonal
axes, and the elevation is detected by arranging two one-
dimensional net-structure proximity sensors in a stacked ring.
We also experimentally demonstrate the feasibility of these
detection principles. The experimental result shows the sensor
can detect azimuth at all peripheral angles and elevation from
side to top up.

I. INTRODUCTION

The coexistence of humans and robots has become an

important topic in robotics in recent years. Robots were first

used in limited environments such as manufacturing plants,

but owing to technological advances, usage environments are

broadening. Presently, the use of robots to perform assistive

tasks alongside humans is drawing increased attention, but

success will rely upon finding ways for robots and humans

to communicate. In particular, robots will necessarily be

equipped with responsive sensing apparatuses that can in-

terpret human body language in the way that humans can.

Here is an example of the NWR002 (Fig. 1) [1], an NSK-

developed robot that can lead others around obstacles. The

NWR002 is being developed with the goal of creating guide

dog–like functionality.

For the robot to fully implement its guidance features,

users must grip a handle that serves as a control. As a tool

being designed for the blind, however, grasping a handle

can be a nontrivial task. One solution to this problem is

incorporation into the grip of a sensor that can detect the

user’s hand without direct contact. Once the orientation of

the user’s hand is obtained, the grip could follow it and

smoothly approach until contact is made. To realize this,

the sensor must be suitable for incorporation into a grip, and

information must not be lost from the time of approach to

contact.

There has been previous research concerning methods for

applying directional information of objects as seen from the

robot’s point of view [2]–[5], as well of proposed methods

for determining directional information [6]–[9]. These meth-

ods, however, were not developed with the goal of aiding
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Fig. 1. NWR002 developed by NSK Ltd. for leading the blinds around
obstacles: Left figure shows its exterior. The grip used for the control is
shown in top-right figure. In bottom-right figure, the sensor developed in
this paper is incorporated into the grip.

contact through approach of an irregularly shaped sensor, as

in this case.

Our research focuses on the development of a net-structure

proximity sensor that excels at close-range sensing from

contact to several tens of centimeters. The net-structure

proximity sensor uses a photoreflector comprising a light-

emitting diode (LED) and a phototransistor as its detection

element. Phototransistors capture reflected infrared light from

the LED, and the position of a proximal object is inferred

according to the photocurrent distribution. A primary fea-

ture of this sensor is that object position inference can be

performed using analog computation by a resistor network

circuit. Serially reading the response levels of individual

photosensitive elements, as in the case of a general-purpose

CCD image, requires complex wiring due to the number of

elements and the size of the unit. Moreover, data acquisition

and processing times are long. When using a net-structure

proximity sensor, on the other hand, high-speed response

and simple wiring requirements are retained, even when the

number of elements is increased to accommodate the form

of the installation surface. This is an important consideration

for application to a complex shape, such as a grip designed

to fit the human hand.

In previous research, Hasegawa et al. [11] demonstrated

methods for establishing a firm grip on objects by means

of a net-structure proximity sensor and haptic sensors, and

Terada et al. [12] developed a net-structure proximity sensor

capable of full-periphery sensing. Because the sensor forms

a uniform grid of resistance values, the obtained position
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Fig. 2. The dome sensor is formed from two circular sensor. The sensors
are placed in two layers in the height direction.
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Fig. 3. Overview of the one-dimensional net-structure proximity sensor:
The lights from the infrared LEDs reflect off of objects proximal to the
sensor, and are collected in the phototransistors. This causes photocurrent
to flow, generating the photocurrent distribution that corresponds to the
distribution of reflected light at the phototransistor surface.

information can be described in Cartesian coordinates.

In this paper, we continue the discussion of how to form

the resistance network. In particular, we demonstrate how

methods of connecting detection elements in the resistor

network, as well as the resistance values of the constituent

resistors, can provide output features suited to the target

application. As an example, we describe a net-structure

proximity sensor suited to the acquisition of object positions

in polar coordinates, namely their azimuth and elevation.

II. SENSOR DESIGN AND DETECTION PRINCIPLES

We refer to the developed azimuth and elevation proximity

detector as a dome sensor. The dome sensor is formed

from two round, one-dimensional net-structure proximity

sensors(Fig.2). Each of the two sensors can obtain one-

dimensional positional coordinates. Azimuth is determined

by orthogonally aligning each sensor’s coordinate axis. Each

sensor can also measure the distance to target objects.

Elevation is determined by placing sensors in two layers in

the height direction, and performing distance detection with

each.

A. The one-dimensional net-structure proximity sensor

This section describes the one-dimensional net-structure

proximity sensor, which is the most fundamental part of the

VS1 VS2

R0 R0

~~~i=1 i=2 i=n-1 i=n~~~

V<�>

V[-]

~~~

~~~

I(1) I(2) I(n-1) I(n)

0-1 1
x

I� I�

r r r1 2 n-1

Fig. 4. Circuit diagram of the one-dimensional net-structure proximity
sensor: When a photocurrent occurs at the element, the currents diverges

and flows to the negative supply V [−].

dome sensor. Figure 3 and 4 show the overview and the

circuit structure.

The one-dimensional net-structure proximity sensor con-

sists of a resistor network and string of n photoreflectors

(called elements below) in a given direction, defined as the

x-axis for convenience. The resistor network is formed from

n−1 internal resistors ri(i= 1∼ n−1) between the elements,

and an external resistors R0 that connect the terminals on

both ends VS1,VS2 and a negative supply V [−].

Light from an infrared LED reflects off of objects proximal

to the sensor, and is collected in the phototransistor. This

causes photocurrent to flow, generating a photocurrent dis-

tribution that corresponds to the distribution of reflected light

at the phototransistor surface. When a photocurrent Ii occurs

at the ith element, the currents flowing between terminals

VS1 and VS2 are described as follows:

Ii1 =

n−1

∑
k=i

rk +R0

n−1

∑
k=1

rk +2R0

Ii, Ii2 =

i−1

∑
k=1

rk +R0

n−1

∑
k=1

rk +2R0

Ii (1)

The difference between the currents flowing to terminals VS1

and VS2 is therefore

Ii1 − Ii2 =

n−1

∑
k=i

rk −

i−1

∑
k=0

rk

n−1

∑
k=1

rk +2R0

Ii (2)

The numerator in Eq. (2) is the product of the resistance

at each element from the center of the serially connected

resistor network with the current flowing through it, and

represents the one-dimensional moment of the current at the

center. When a photocurrent distribution arises in the resistor

network, the abovementioned phenomenon will occur in all

elements. The photocurrents will therefore flow together, and
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the following equations will hold:

n−1

∑
i=1

(Ii1 − Ii2) =
n−1

∑
i=1

Ii

n−1

∑
k=i

rk −

i−1

∑
k=1

rk

n−1

∑
k=1

rk +2R0

=
VS1 −VS2

R0
(3)

n−1

∑
i=1

Ii = Iall =
VS1 +VS2 −2V [−]

R0
(4)

Removing the one-dimensional moment calculated by Eq.

(3) from the overall current Iall calculated by Eq. (4) allows

identification of the photocurrent distribution’s central point.

Here, the range of possible acquired values are changed

according to the sensor configuration. To improve ease-of-

use, Eq. (5) is used on the one-dimensional net-structure

proximity sensor output to normalize the center point to the

range [−1,1]. Here, positioning output characteristics can be

determined by determining internal resistance values.

xc =−











1+
2R0

n−1

∑
i=1

ri











(

VS1 −VS2

VS1 +VS2 −2V [−]

)

(5)

When the amount of reflected light gathered by the pho-

totransistor changes according to the distance between the

sensor and the proximal object, the total current through the

resistor network also changes. This allows estimation of the

approximate distance to the object by using Eq. (4) to obtain

the total current through the resistor network.

B. Azimuth detection

The azimuthal orientation of the object is detected by

deriving cosine and sine values from the one-dimensional

net-structure proximity sensor output. Figure 5(a) shows the

circular arrangement of the sensor elements of the one-

dimensional sensor described in the previous section. The

internal resistors in the proximity sensors are set so that

positioning output forms a cosine wave when an object goes

around the sensor, as shown in Fig. 5(b). In the case where

six elements are used (Fig. 5), the ratios of internal sensors

will be 1 : 2 : 1 in proportion to real-space positions. Two such

circular one-dimensional net-structure proximity sensors are

used, and are respectively called sensor 1 and sensor 2. As

Fig. 6 shows, orthogonally orienting these sensors creates a

90◦ phase shift between them, allowing derivation of the sine

value of the object’s azimuth from the positioning output.

The positioning output (xc1,xc2) obtained by the respective

sensors and Eq. (6) can therefore uniquely determine the

object’s azimuth φ .

φ =



























π

2
sgn(xc2) xc1 = 0

arctan

(

xc2

xc1

)

xc1 > 0

πsgn(xc2)+ arctan

(

xc2

xc1

)

xc1 < 0

(6)
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Fig. 5. Structure and output of the circular one-dimensional net-structure
proximity sensor: The positioning output forms a cosine wave for an object
at the outer sensor periphery by the circular arrangement of the sensor
elements and the internal resistors set.
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Fig. 6. Detection principle of azimuth: The orthogonally orienting two
circular sensor allows derivation of the cosine and sine value of the object’s
azimuth from these positioning output.

C. Elevation detection

The two circular one-dimensional net-structure proximity

sensors provide two distance outputs Iall , which are used to

detect elevation without compromising the azimuth detection

characteristics.

The two circular one-dimensional net-structure proximity

sensors are stacked as shown in Fig. 7(a), (b). Because

changes in elevation will change the distance to each of the

sensors, the photocurrent flowing through sensors 1 and 2

will also change. Taking sensors 1 and 2 as single elements

allows derivation of the elevation by considering them as a

one-dimensional net-structure proximity sensor composed of

two elements. Specifically, taking the distance output of the

two sensors as Iall1, Iall2 allows use of Eq. (7) to find the

elevation output θ , normalized to the range [-1,1].

θ =
Iall1 − Iall2

Iall1 + Iall2

(7)

The normalized elevation output will be +1 if only sensor

1 is responding, −1 if only sensor 2 is responding, and

continuously varying in the range −1 < θ < 1 in the case

where both sensors are responding. In this method, the

range at which elevation can be detected depends on the tilt

and positioning of the two stacked sensors. This allows the

detection range to be set according to the intended purpose

of the dome sensor.
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(a) Two-stage Arrangement (b) Side View

Fig. 7. Detection principle of elevation: (a) The two circular sensors are
placed in two layers in the height direction. (b) The changes in elevation
will change the distance to each of the sensors.

III. PROTOTYPING AND EXPERIMENTS

A. Sensor prototype

When designing a dome sensor, it is possible to adjust

element tilt and positioning according to the intended appli-

cation. Here our aim is to develop a sensor incorporated into

a grip that can detect and track a human hand, so we created

a prototype device and investigated its detection characteris-

tics. We identified the following design requirements:

• The elevation detection range must include the space to

the sides and above the dome sensor.

• The sensor must be shaped to fit a human hand, based

on a circular form with approximately 65 mm diameter.

• Detected objects would primarily be human palms, and

thus an approximate planar square of 90×90 mm2.

We varied the tilt of the elements in sensors 1 and 2 (αs1,αs2,

respectively), and determined the element positioning best

suited to our basic circular form. Because it would be difficult

to create and test prototype sensors with a variety of tilt

combinations, we used a net-structure proximity detection

simulator developed in our lab. The simulator uses ray-

tracing techniques to calculate levels of reflected infrared

light, and simulates the output of a net-structure proximity

sensor in an ideal environment. Figure 8 shows an overview

of simulation operation. The angle at which the normalized

elevation output is 0 is taken as 0◦, and a 90 mm square

object was moved through the space between −90◦ and 90◦

with respect to the origin of the elevation angle OE . Table I

shows the tilt combination investigated by this simulation.

TABLE I

ELEMENT TILTS

αs1 αs2
Type 1 45 deg 30 deg

Type 2 45 deg 45 deg

Type 3 60 deg 45 deg

Figure 9 shows the simulation results.

As a result of the simulations, we found that the Type 1

combination has the most stable output fulfilling our design

criteria that the output should increase monotonically in all

range of the object angle β . Figure 10 shows the exterior

of the dome sensor prototype implementing the selected

0°

90°

Sensor1

Sensor2

Object

β

αs1 αs2

-90°

OE

40 mm

Fig. 8. Overview of simulation operation for determining element tilts:
The angle at which the normalized elevation output is 0 is taken as 0◦, and
a 90 mm square object was moved through the space between −90◦ and
90◦ with respect to the origin of the elevation angle OE .
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Fig. 9. Simulation results of elevation detection with three types element
tilts shown in Table I

element tilts. Twelve elements were evenly spaced along the

dome sensor’s periphery.

B. Detection characteristics

1) Azimuth detection characteristics: In this section, we

examine the azimuth detection characteristic by an experi-

ment with the prototyped dome sensor. The detection object

was fixed, and output recorded as the dome sensor, which

was affixed to a rotating stage, was rotated 360◦ in the

positive φ direction in 1◦ increments. The distance between

the dome sensor and the object was 30–60 mm.

Figure 11 shows the results of the experiment. Figure 12

shows actual azimuths and sensor output error.

Figure 11 indicates that the azimuth output of the sensor

increased monotonically with increasing azimuth of the ob-

ject. Because the object azimuth can be uniquely determined

from the sensor output, this indicates successful detection of
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Fig. 10. Dome sensor: Right figure shows the exterior of the dome sensor
prototype implementing the selected element tilts. Left figure shows the
dome sensor is incorporated into the grip.
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Fig. 11. Experimental results with changing the distance of 30–60 mm

the azimuth. Because azimuth output is always continuous,

azimuth detection is possible over the entire 360◦ range.

Figure 12 indicates that azimuth detection error was within

approximately ±5◦. Detection error increased, however, in

the 180–240◦ range. Considering that the same deviation

occurs at the same position when the distance is changed,

and that this deviation does not occur at other detection

positions, we attribute this deviation to individual differences

in the elements. Such error due to individual differences in

the elements can be reduced by increasing the number of

detection elements and treating multiple elements operating

in parallel as a single element.

2) Elevation detection characteristics: In this section, we

evaluate the elevation detection characteristic of the sensor.

The detection object was fixed to a jig, which rotated the

object in 1◦ increments in the elevation range [0,90], from

side to top of the sensor, around the dome sensor, which was

affixed to a rotating stage. The distance between the dome

sensor and the object was 30–60 mm.

Figure 13 shows the comparison of the experimental result

and the simulation result at the distance of 30 mm, and

Fig.14 shows the comparison of the experimental results with

changing the distance.

Figure 13 indicates that within an elevation range [0,90]
with respect to the object, sensor output decreases monotoni-

cally with decreasing elevation angle. There is approximately

+3◦ shift between the experimental result and simulation re-
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Fig. 12. Sensor output error with the actual azimuth of 0–360◦
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Fig. 13. Comparison of elevation output of the experimental result and the
simulation result at the distance of 30 mm

sult. We attribute this to the production error. When elevation

angle gets close to 0◦ or 90◦, the absolute value of elevation

output becomes less than simulation result. This is because

the response of the sensor away from the object is small,

and the signal-to-noise ratio is weak. Thus, we attribute the

decreasing of the absolute value to the effects of noise.

Figure 14 indicates that the absolute value of elevation

output near 0◦ or 90◦ increases with increasing distance.

When the distance between the dome sensor and the object

increases, the object’s area accounting of detection range

decreases, and so the object becomes easy to shift out of

the range of sensor 1 or 2. Namely, the response of the

sensor away from the object tends to decrease, and the

absolute value decreases. The elevation output difference

due to distance change decreases with decreasing distance

between the sensor and the object. Thus, incorporating the

dome sensor into the grip will allow tracking of hands by

using the result in proximity as target.
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Fig. 14. Comparison of elevation output of the experimental results with
changing the distance of 30–60 mm

Fig. 15. Human-machine interface usage of the dome sensor: The dome
sensor with the rapid response features can be applied to non-contact human
interface applications, and results in a 3D representation of the object.

IV. DISCUSSION

Experimentation indicates that the dome sensor can detect

azimuth at all peripheral angles and elevation from side to

top up to a distance of 60 mm. Azimuth detection error

was retained to within ±5◦ for all distances, and elevation

detection precision increased with lessened distance.

We expect that incorporating a dome sensor with above-

mentioned characteristics into the grip of NWR002 will

allow detection and tracking of hands brought into its

proximity. The indicated detection error is small enough to

prevent from interfering with normal operation in that case.

Owing to the characteristic of azimuth detection, azimuth

output reliability is generally lessened when the detected

object is directly above the sensor. However, the proposed

dome sensor can determine by elevation detection when the

object is directly above the sensor, thus compensating for the

shortcomings of azimuth detection. On the other hand, the

detection distance is 60 mm in this paper. This is not enough

to use in an actual application. Appropriate selection of the

utilized elements or increase of arrangement density should

help alleviate this problem.

The dome sensor developed in this research was designed

for mounting into the grip of a robotic guide dog, but the

proposed detection methods can be incorporated into other

noncontact applications. For example, the rapid response

features of the method can be applied to noncontact human

interface applications (Fig. 15). Because the dome sensor

can detect azimuths from the point of view of the sensor

center, application to onscreen cursor manipulations should

be straightforward. Furthermore, the dome sensor’s elevation

detection results in a 3D representation of the object, which

should have applications to virtual reality research.

The proposed sensor uses discrete detection elements,

allowing for adjustments to the internal resistor network to

provide output best suited to the detection element layout.

This lessens limitations on the form that detectors can take,

allowing for mounting onto, for example, the side or end

part of a device. Taking advantage of this freedom further

expands the potential applications, such as allowing robots to

acquire directional information about environmental objects

from the point of view of any location on the robot’s body.

V. CONCLUSION AND FUTURE WORKS

The present study developed a proximity sensor for simul-

taneous detection of azimuth and elevation. The features of

the proposed dome sensor include rapid responsiveness and

simpler wiring, while maintaining a 360◦ sensing range and

detection from sensor sides to top. In future research, we

plan to create more practical dome sensors with wider de-

tection range on the same principle, and investigate potential

applications.
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