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Figure 2
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Figure 4
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Figure 7
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Figure 9
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Figure 10
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ROTATIONAL SPEED DETECTION DEVICE,
VISCOSITY MEASUREMENT DEVICE USING
THE DEVICE, ROTATTIONAL SPEED
DETECTION METHOD, AND ROTATING
OBJECT USED IN THE METHOD

TECHNICAL FIELD

[0001] The present invention relates to a rotational speed
detection device including a rotating object, a light emitting
unit that emits light to the rotating object, a light receiving
unit that receives light that is emitted from the light emitting
unit to the rotating object and then reflected by the rotating
object, a received light data obtaining unit that obtains
received light data of light received by the light receiving unit,
and a rotational speed calculation unit that calculates a rota-
tional speed of the rotating object based on the received light
data obtained by the received light data obtaining unit, a
viscosity measurement device using the rotational speed
detection device, a rotational speed detection method, and a
rotating object used in the method.

BACKGROUND ART

[0002] Among conventional rotational speed detection
devices is, for example, a number-of-revolutions measure-
ment device described in Patent Document 1 that includes a
rotator, an image capture element that captures an image of a
mark attached to the rotator, and an image processing unit that
processes the image captured by the image capture element,
and is configured to detect the rotation of the rotator mark
using the image processing unit and thereby measure the
number of revolutions of the rotator. In addition to the mea-
surement of the number of revolutions of the rotor using the
image capture element, Patent Document 1 also describes an
alternative technique of measuring the number of revolutions
by emitting laser to a rotator and then optically measuring a
change in pattern of reflection or interference caused by rota-
tion.

[0003] Patent Document 2 also describes a similar number-
of-revolutions measurement device that includes a rotator, a
CCD camera that captures an image of a mark attached to the
rotator, and an image processing unit that processes the image
captured by the CCD camera, and measures the number of
revolutions of the rotator by detecting the rotator mark using
the image processing unit. Patent Document 2 also states that
a light emitting unit that emits laser light to the rotator and a
light receiving unit that receives the laser light reflected by the
rotator are provided, and the number of revolutions is
detected by detecting a change in pattern of reflection or
interference caused by the rotation of the rotator using a
number-of-revolutions detection unit.

CITATION LIST

Patent Literature

[0004] Patent Document 1: Japanese Unexamined Patent
Application Publication No. 2009-264982 (see, particularly,
paragraphs [0019], [0023], and [0045])

[0005] Patent Document 2: International Publication
WO2013/015211 (see, particularly, paragraphs [0024] and
[0033]-[0036])
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SUMMARY OF INVENTION

Technical Problem

[0006] However, the techniques of measuring the number
of revolutions by performing image processing on the mark
attached on the rotator, that are described in Patent Docu-
ments 1 and 2, are practical, but it is necessary to perform, for
example, advanced image processing using an expensive
image capture means, such as a CCD camera or the like,
which causes problems, such as an increase in manufacturing
cost of the number-of-revolutions measurement device, an
increase in size of the number-of-revolutions measurement
device, and the like. Also, when an image of the mark attached
to the rotator is captured using a CCD camera or the like, the
captured image is likely to be unclear due to the influence of
chromatic aberration, and it is difficult to accurately detect a
change in luminance due to the influence of external disturb-
ing light or the like, for example. For these reasons, it is also
difficultto detect the number of revolutions of the rotator with
high precision.

[0007] Patent Documents 1 and 2 also describe the tech-
niques of measuring the number of revolutions of the rotator
using an optical means. However, when the rotator, which has
a smooth surface, is illuminated with laser light, the light
reflected by the surface has a uniform intensity distribution,
and therefore, has substantially no characteristic pattern
change, or a characteristic pattern change with considerably
low intensity if any. Therefore, it is difficult to detect the
number of revolutions of the rotator. Such optical techniques
are a long way from practical use.

[0008] It is an object of the present invention to provide a
rotational speed detection device that can detect the rotational
speed of a rotating object with high precision by readily
controlling a relatively inexpensive and compact optical
device, and has a lower cost and a smaller size with main-
tained or improved detection precision of the rotational speed
of'the rotating object.

Solution to Problem

[0009] The present inventors conceived, through trial and
error, that the rotational speed of a rotating object could be
readily detected by effective use of the nature of a so-called
speckle. This conception encouraged the present inventors to
repeatedly perform, for example, analysis of various received
light data, to make the present invention. Configurations,
operations, and advantages of the present invention will now
be described.

[0010] A first invention is directed to a rotational speed
detection device including a rotating object, a light emitting
unit of emitting light to the rotating object, a light receiving
unit of receiving light reflected by the rotating object after
being emitted from the light emitting unit to the rotating
object, a received light data obtaining unit of obtaining
received light data of the light received by the light receiving
unit, and a rotational speed calculation unit of calculating a
rotational speed of the rotating object based on the received
light data received by the received light data obtaining unit.
The rotating object has a rotating surface, and an irregular
uneven portion on the rotating surface, the uneven portions
having projections and depressions. The received light data
obtaining unit obtains time-series data of received light data
of light reflected by the uneven portion. The rotational speed
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calculation unit calculates the rotational speed of the rotating
object from periodicity of the time-series data.

[0011] According to the above configuration, when the
irregular uneven portion is illuminated with light from the
light emitting unit, light waves reflected from different points
on the irregular uneven portion interfere with each other,
resulting in irregular received light data of light received by
the light receiving unit. Thereafter, the received light data
obtaining unit obtains time-series data of the received light
data. Time-series data having periodicity corresponding to
the rotation of the rotating object emerges from the irregular
received light data. The rotational speed calculation unit can
precisely and readily calculate the rotational speed of the
rotating object from the periodicity of the time-series data. As
a result, the rotational speed of the rotating object can be
detected with high precision by a simple control using a
relatively inexpensive and compact optical device without
performing, for example, advanced image processing using
an expensive and large image capture means. Moreover, for
example, even if the rotational speed of the rotating object is
high, the periodicity of the time-series data is maintained, and
therefore, the rotational speed of the rotating object that
rotates at high speed can be detected with high precision. In
this case, the uneven portion on the rotating surface of the
rotating object can be relatively easily formed by, for
example, a surface treatment or the like, and therefore, the
manufacturing cost of the rotating object does not signifi-
cantly increase.

[0012] Therefore, the manufacturing cost of the rotational
speed detection device can be reduced while the detection
precision of the rotational speed of the rotating object is
maintained or improved, resulting in a smaller rotational
speed detection device.

[0013] A second invention is directed to the rotational
speed detection device of the first invention, in which, in the
uneven portion, a distance between bottom portions of adja-
cent depressions and a distance between top portions of adja-
cent projections have a length that is one hundredth or less of
a maximum perimeter of the rotating object, and is ten times
ormore a wavelength of the light emitted by the light emitting
unit.

[0014] According to the above configuration, the received
light data of light received by the light receiving unit is likely
to have significant intensity changes, and therefore, the peri-
odicity of the time-series data can be more clearly detected.
As a result, the rotational speed of the rotating object can be
calculated with higher precision.

[0015] A third invention is directed to the rotational speed
detection device of the first or second invention, in which the
uneven portion is formed on the rotating surface of the rotat-
ing object by surface abrasion or polishing.

[0016] According to the above configuration, the uneven
portion can be readily formed on the rotating surface of the
rotating object by changing conditions for abrading or pol-
ishing the rotating surface of the rotating object. Specifically,
for example, a predetermined uneven portion can be readily
formed by abrading or polishing the rotating surface of the
rotating object so that the rotating surface of the rotating
object becomes slightly rougher than specular surface. Also,
if the uneven portion is formed by surface abrasion or polish-
ing, the uneven portion does not disappear or come off during
detection ofthe rotational speed, unlike a mark attached to the
rotating surface of the rotating object, for example.
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[0017] A fourthinvention is directed to the rotational speed
detection device of any one of the first to third inventions, in
which the light receiving unit includes a single light receiving
unit, the received light data obtaining unit obtains the time-
series data corresponding to one or more revolutions of the
rotating object, and the rotational speed calculation unit mea-
sures a time it takes for the rotating object to rotate one
revolution, from the time-series data corresponding to one or
more revolutions of the rotating object, and calculates the
rotational speed of the rotating object from the time.

[0018] According to the above configuration, the rotational
speed of the rotating object can be calculated with high pre-
cision by using a simple device configuration including a
single light receiving unit, and performing a simple control,
i.e., only measuring a time it takes for the rotating object to
rotate one revolution and calculating the rotational speed.

[0019] A fifth invention is directed to the rotational speed
detection device of the fourth invention, in which the light
receiving unit has a plurality of light receiving elements fac-
ing the rotating surface of the rotating object illuminated by
the light emitting unit, and aligned in a direction perpendicu-
lar to a direction of rotation of the rotating object, and the
received light data obtaining unit evaluates the overall
received light data detected from the plurality of light receiv-
ing elements to obtain the time-series data.

[0020] According to the above configuration, time-series
data precisely corresponding to the intensity of reflected light
can be obtained, and the periodicity of the time-series data
can be more clearly detected.

[0021] A sixth invention is directed to the rotational speed
detection device of any one of the first to third inventions, in
which the light receiving unit includes an upstream light
receiving unit provided upstream in a direction of rotation of
the rotating object, and a downstream light receiving unit
provided downstream in the direction of rotation, the received
light data obtaining unit simultaneously obtains time-series
data of the received light data of both the upstream and
downstream light receiving units, and the rotational speed
calculation unit calculates the rotational speed of the rotating
object from the time-series data simultaneously obtained by
both the upstream and downstream light receiving units.

[0022] According to the above configuration, if time-series
data is simultaneously obtained from both the upstream and
downstream light receiving units, data similar to the time-
series data of the upstream light receiving unit appears as the
time-series data of the downstream light receiving unit with a
time difference. This phenomenon can be effectively utilized
to calculate the rotational speed of the rotating object.

[0023] A seventh invention is directed to the rotational
speed detection device of the sixth invention, in which the
received light data obtaining unit obtains the time-series data
corresponding to less than one revolution of the rotating
object, and the rotational speed calculation unit calculates the
rotational speed of the rotating object from the time-series
data corresponding to less than one revolution of the rotating
object, and an arrangement angle of the upstream and down-
stream light receiving units around a rotational axis of the
rotating object.

[0024] According to the above configuration, the time-se-
ries data can be quickly obtained, and the rotational speed of
the rotating object can be quickly calculated. Also, the above
phenomenon can be effectively utilized to readily calculate
the rotational speed of the rotating object from the time-series
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data ofthe upstream and downstream light receiving units and
the arrangement angle of the upstream and downstream light
receiving units.

[0025] An eighth invention is directed to the rotational
speed detection device of the seventh invention, in which the
rotational speed detection device has an angle calculation unit
of calculating the arrangement angle, and an angle storage
unit of storing the arrangement angle calculated by the angle
calculation unit, the received light data obtaining unit obtains
the time-series data of the received light data corresponding
to one or more revolutions of the rotating object, as time-
series data for angle calculation, the angle calculation unit
calculates the arrangement angle from the time-series data for
angle calculation, and the rotational speed calculation unit
calculates the rotational speed of the rotating object from the
arrangement angle calculated by the angle calculation unit
and stored in the angle storage unit.

[0026] According to the above configuration, even if the
upstream and downstream light receiving units are not accu-
rately positioned, the arrangement angle of the upstream and
downstream light receiving units can be accurately calculated
by a simple operation. As a result, the rotational speed of the
rotating object can be calculated using the arrangement angle
with higher precision.

[0027] A ninthinvention is directed to a viscosity measure-
ment device including the rotational speed detection device of
any one of the first to eighth inventions. The viscosity mea-
surement device includes a sample container of containing a
sample whose viscosity is to be measured, and the rotating
object, a magnet of applying a rotating magnetic field to the
rotating object from outside of the sample container, a rota-
tion control unit of controlling a rotational speed of the rotat-
ing magnetic field, and a viscosity calculation unit of calcu-
lating the viscosity of the sample. The viscosity calculation
unit calculates the viscosity of the sample using the rotational
speed of the rotating object calculated by the rotational speed
calculation unit, and the rotational speed of the rotating mag-
netic field.

[0028] According to the above configuration, the viscosity
of a sample can be calculated with high precision using the
rotational speed of the rotating object that is detected by the
rotational speed calculation unit with high precision. Also,
the manufacturing cost and size of the rotational speed detec-
tion device that is a component of the viscosity measurement
device, can be reduced, resulting in a reduction in the manu-
facturing cost and size of the viscosity measurement device.

[0029] A tenth invention is directed to a rotational speed
detection method for emitting light to a rotating object using
a light emitting unit, receiving light reflected by the rotating
object using a light receiving unit, and calculating a rotational
speed of the rotating object based on received light data of the
light received by the light receiving unit. The method includes
a received light data obtaining step of emitting light to the
rotating object having a rotating surface and an irregular
uneven portion on the rotating surface, the uneven portion
having projections and depressions, and obtaining time-se-
ries data of received light data of light reflected by the uneven
portion of the rotating object, and a rotational speed calcula-
tion step of calculating the rotational speed of the rotating
object from periodicity of the time-series data.

[0030] According to the above configuration, advantages
similar to those of the first invention are achieved, and the
rotational speed of the rotating object can be detected with
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high precision by a simple control using a relatively inexpen-
sive and compact optical device.

[0031] Aneleventh invention is directed to a rotating object
used in the rotational speed detection method of the tenth
invention, in which, in the uneven portion, a distance between
bottom portions of adjacent depressions and a distance
between top portions of adjacent projections have a length
that is one hundredth or less of a maximum perimeter of the
rotating object, and is ten times or more a wavelength of the
light emitted by the light emitting unit.

[0032] According to the above configuration, advantages
similar to those of the second invention are achieved, and the
rotational speed of the rotating object can be calculated with
higher precision.

BRIEF DESCRIPTION OF DRAWINGS

[0033] FIG. 1 is a block diagram showing an entire struc-
ture of a viscosity measurement device according to a first
embodiment.

[0034] FIG. 2(a) is an enlarged view showing a detailed
structure of a rotating object, FIG. 2(b) is a plan view of a
photodetector, and FIG. 2(c) is a plan view of a photodetector
according to a variation of the first embodiment.

[0035] FIG. 3 is a flowchart showing details of a viscosity
measurement control.

[0036] FIG. 4 is a diagram for describing details of a vis-
cosity measurement control.

[0037] FIG. 5 is a block diagram showing an entire struc-
ture of a viscosity measurement device according to a second
embodiment.

[0038] FIG. 6(a)is aplan view of a photodetector, and FIG.
6(b) is a plan view of a photodetector according to a variation
of the second embodiment.

[0039] FIG. 7(a) is a flowchart showing details of an
arrangement angle calculation control, and FIG. 7(b) is a
flowchart showing details of a viscosity measurement con-
trol.

[0040] FIG. 8 is a diagram for describing details of an
arrangement angle calculation control.

[0041] FIG. 9 is a diagram for describing details of a vis-
cosity measurement control.

[0042] FIGS. 10(a) and 10(b) are plan views of a photode-
tector according to a variation of the second embodiment.
[0043] FIG. 11 is a diagram schematically showing rota-
tional speed detection devices according to other embodi-
ments.

DESCRIPTION OF EMBODIMENTS

First Embodiment

[0044] A viscosity measurement device 1 according to a
first embodiment will be described with reference to FIGS.
1-4. In the first embodiment, a rotational speed detection
device according to the present invention is, for example,
applied to calculation of a viscosity n by the viscosity mea-
surement device 1. As shown in FIG. 1, the viscosity mea-
surement device 1 includes a sample container 2 that contains
a substance that is a sample 2 A, a rotating object 3 that is put
in the sample container 2 together with the sample 2A, a
plurality of electromagnets 4 that apply a rotating magnetic
field to the rotating object 3 so that the rotating object 3 is
rotated, a light emitting unit 5 that emits light to the rotating
object 3 in the sample container 2, a light receiving unit 6 that
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receives light that is emitted from the light emitting unit 5 to
the rotating object 3 and then reflected by the rotating object
3, and a control device 10 that controls the plurality of elec-
tromagnets 4, the light emitting unit 5, and the light receiving
unit 6. In the viscosity measurement device 1, various sub-
stances are put as the sample 2A in the sample container 2.
Therefore, the single viscosity measurement device 1 can be
used to measure the viscosities 1 of a wide variety of sub-
stances ranging from the viscosities 1 of low-viscosity sub-
stances, such as water, blood, organic solvents, beverages,
and the like, to the viscosities 1) of high-viscosity substances,
such as polymer materials, asphalt, heavy oils, and the like.
[0045] The sample container 2 is preferably a heat-resistant
container of a transparent or translucent material that can
transmit light emitted from the light emitting unit 5. In the
first embodiment, the sample container 2 is a glass test tube
with its open end facing upward. The rotating object 3 is
formed from a metal conductive material. In the first embodi-
ment, the rotating object 3 is an aluminum sphere having a
radius of curvature smaller than the radius of curvature of a
bottom inner surface of the test tube that is the sample con-
tainer 2. As a result, when the rotating object 3 is put in the
sample container 2 together with the sample 2A, the rotating
object 3 sinks in the sample 2A due to its weight and is
spontaneously positioned at a center of a bottom portion of
the sample container 2.

[0046] The plurality of electromagnets 4 are arranged
around a lower portion of the sample container 2, including a
pair of electromagnets 4 and 4 shown in FIG. 1, and a pair of
electromagnets 4 and 4 (not shown) provided in front of and
behind the drawing paper of FIG. 1. The electromagnets 4 and
4 in each of the two pairs face each other with the rotating
object 3 being interposed therebetween. The two pairs of
electromagnets 4 and 4 apply a magnetic field to the rotating
object 3 from the outside of the sample container 2 to drive the
rotating object to rotate about a vertical rotation axis CL.
[0047] The light emitting unit 5 functions as a light source
that emits light to the rotating object 3 in the sample container
2. In the first embodiment, the light emitting unit 5 includes a
laser light source that emits monochromatic light (e.g., green
or yellow) so that the influence of chromatic aberration is
removed and the contrast of the light is emphasized. The light
emitting unit 5 is provided directly below on the rotating
object 3, i.e., on an extension of the rotation axis CL of the
rotating object 3, so that the optical axis of the light coincides
or substantially coincides with the rotation axis CL of the
rotating object 3. The light emitting unit 5 is configured to
emit light having a spot diameter that is greater than or equal
to a predetermined length. A circular region of a lower surface
of' the rotating object 3, that has its center at the rotation axis
CL of the rotating object 3, is illuminated with light emitted
from the light emitting unit 5.

[0048] The light receiving unit 6 includes a lens 6A that
images light that is emitted from the light emitting unit 5 to
the rotating object 3 and then reflected by the rotating object
3, and a photodetector 6B that detects received light data of
the reflected light imaged by the lens 6A. The lens 6A is
positioned to face a curved surface of a lower portion of the
rotating object 3 that is illuminated with light. Also, the pho-
todetector 6B is positioned on the optical axis of the lens 6A.
A filter 6C is provided between the lens 6 A and the photode-
tector 6B. The filter 6C has a pass band in a specific color
wavelength region (e.g., a green wavelength region). If light
emitted by the light emitting unit 5 is in a green wavelength
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region, the filter 6C is configured to mainly allow reflected
light in the green wavelength region to pass therethrough. As
a result, reflected light from which the influence of external
disturbing light has been removed without a reduction in the
amount of the reflected light, can be received by the photo-
detector 6B with high precision.

[0049] Note that the light emitting unit 5 may include a
different light source, such as a halogen lamp or the like,
instead of a laser light source. Also, when the light emitting
unit 5 includes a laser light source having a single wavelength
oraplurality of wavelengths, the lens 6 A ofthe light receiving
unit 6 is not essentially required. For example, if predeter-
mined received light data can be detected without imaging
because of some specifications of an uneven portion 3A or
some performance (the monochromicity or linearity of light)
of'the laser light source, the lens 6A of the light receiving unit
6 may be optionally removed. The filter 6C may also be
optionally removed when the influence of external disturbing
light is unlikely to occur (e.g., a darkroom is provided around
the light emitting unit 5 and the light receiving unit 6, etc.).

[0050] The control device 10 includes a general control unit
11 that generally controls the viscosity measurement device
1, a rotation control unit 12, a received light data obtaining
unit 13, areceived light data storage unit 14, a rotational speed
calculation unit 15, a viscosity calculation unit 16 that calcu-
lates the viscosity 1 of the sample 2A, and a standard data
storage unit 17 that stores standard data for viscosity calcu-
lation.

[0051] The rotation control unit 12 magnetizes the two
pairs of electromagnets 4 by causing a current to successively
flow through the coils of the electromagnets 4, and thereby
applies a rotating magnetic field to the rotating object 3 to
drive the rotating object 3 to rotate. Specifically, one of the
two pairs of electromagnets 4 and the other are alternately or
simultaneously magnetized so that magnetic fields having
different directions are alternately or simultaneously gener-
ated, whereby a rotating magnetic field is applied to the
rotating object 3. This induces a current in the rotating object
3. The Lorentz interaction between the induced current and
the magnetic field applied to the rotating object 3 applies a
rotating torque to the rotating object 3, so that the rotating
object 3 is rotated. The rotation control unit 12 controls the
period of the alternate or simultaneous magnetization of the
two pairs of electromagnets 4 according to an instruction to
rotate from the general control unit 11 so that the rotating
magnetic field is rotated at a number of revolutions of N0
specified by the general control unit 11.

[0052] The received light data obtaining unit 13 receives
and processes the received light data of the reflected light
detected by the photodetector 6B of the light receiving unit 6
according to an instruction to obtain data from the general
control unit 11. The received light data received and pro-
cessed by the received light data obtaining unit 13 is stored in
the received light data storage unit 14. The rotational speed
calculation unit 15 reads the received light data stored in the
received light data storage unit 14 according to an instruction
to calculate from the general control unit 11, and calculates
the number of revolutions Na of the rotating object 3. The
viscosity calculation unit 16 calculates the viscosity 1 of the
sample 2A based on the number of revolutions Na of the
rotating object 3 calculated by the rotational speed calcula-
tion unit 15, the standard data stored in the standard data
storage unit 17, and the number of revolutions NO of the
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rotating magnetic field controlled by the rotation control unit
12, according to an instruction to calculate from the general
control unit 11.

[0053] The standard data storage unit 17 stores the standard
data used in calculation of the viscosity 1 by the viscosity
calculation unit 16. The standard data is obtained as follows:
a standard sample having a known viscosity 7] is put in the
sample container 2; the rotating object 3 is rotated, and the
number of revolutions Na of the rotating object 3 is measured;
based on the measurement result and measurement condi-
tions, obtained is a relationship between a difference between
the number of revolutions Na of the rotating object 3 and the
number of revolutions NO of the rotating magnetic field
applied to the rotating object 3, and the number of revolutions
Na of the rotating object 3; such measurement and the like are
performed for a plurality of standard samples having different
viscosities m; and the results are stored as a data map or a
first-order equation. These things are already known and
therefore will not be described in detail. The relationship
between the difference AN (=N0-Na) between the number of
revolutions Na of the rotating object 3 and the number of
revolutions NO of the rotating magnetic field applied to the
rotating object 3, and the number of revolutions Na of the
rotating object 3, is represented by a predetermined first-order
equation, and the slope AN/Na of the first-order equation is
proportional to the viscosity 1. This fact is utilized. Here, the
number of revolutions N0 of the rotating magnetic field is set
based on conditions for viscosity measurement. Therefore, by
detecting the number of revolutions Na of the rotating object
3, the viscosity 1 of the sample 2A can be readily calculated
using the standard data.

[0054] An input unit 18 that inputs various control instruc-
tions to the control device 10, and a display unit 19 that
displays the measurement result of the viscosity n or the like
calculated by the control device 10, are connected to the
general control unit 11. A measurer who measures the vis-
cosity 1 of the sample 2A operates the input unit 18 while
viewing the display unit 19 to set conditions for viscosity
measurement and provide various instructions, such as an
instruction to start viscosity measurement, and the like.
Thereafter, the general control unit 11 automatically mea-
sures the viscosity of the sample 2A under the viscosity
measurement conditions set by the measurer, and automati-
cally displays the measurement result on the display unit 19.

[0055] Detailed structures of the rotating object 3 and the
photodetector 6B will be described with reference to FIG. 2.
As shown in FIG. 2(a), irregular and minute projections and
depressions (also referred to as an uneven portion) 3A are
formed on a rotating surface of the rotating object 3. The
uneven portion 3A is formed throughout the rotating surface
of the rotating object 3 (the entire surface of the sphere). For
the uneven portion 3A, a distance P1 between top portions of
adjacent projections and a distance P2 between bottom por-
tions of adjacent depressions are set to a length that is one
hundredth or less of the maximum perimeter (7txd) of the
rotating object 3. Specifically, for example, when the diam-
eter d of the rotating object 3 is 4 mm, the uneven portion 3A
is formed so that the distances P1 and P2 have a length whose
upper limit value is 0.13 mm or less. The present inventors
repeatedly performed analysis of received light data using the
viscosity measurement device 1, to find that if the distances
P1 and P2 have a length that is one hundredth or less of the
maximum perimeter of the rotating object 3, the periodicity of
received light data (received light intensity) detected by the
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photodetector 6B can be reliably detected while an error is
prevented from occurring in the measurement of the viscosity
M due to an increase in frictional resistance between the
rotating object 3 and the sample container 2. Also, for the
uneven portion 3A, the distances P1 and P2 are set to have a
length that is ten times or more the wavelength of light emit-
ted from the light emitting unit 5. Specifically, for example, if
the wavelength of light emitted from the light emitting unit 5
is 0.5 um, the uneven portion 3A is formed so that the dis-
tances P1 and P2 have a length whose lower limit value is 5
um or more. Specifically, the present inventors paid attention
to the nature of speckles that a speckle pattern caused by
reflected light is generated by a periodic structure (projec-
tions and depressions of a rough surface) that is larger than the
wavelength of light, and repeatedly performed analysis of
received light data using the viscosity measurement device 1.
As a result, the present inventors found that if the rotating
object 3 has a periodic structure that is ten times or more the
wavelength of light emitted from the light emitting unit 5, i.e.,
if the distances P1 and P2 have a length that is ten times or
more the wavelength of light emitted from the light emitting
unit 5, significant intensity changes reliably occurs in
received light data (received light intensity) detected by the
photodetector 6B.

[0056] Note that when the distances P1 and P2 are set to a
length that is one hundredth of the maximum perimeter of the
rotating object 3, the roughness of the rotating surface of the
rotating object 3 is, for example, similar to the roughness of
the uneven portion 3A shown in FIG. 2(a). Also, when the
distances P1 and P2 are set to a length that is ten times the
wavelength of light emitted by the light emitting unit 5, the
rotating surface of'the rotating object 3 (not shown) is slightly
rougher than specular surface. This roughness makes it diffi-
cult to determine whether projections and depressions are
formed when the surface is viewed by the naked eye or a
microscope, but allows significant intensity changes to reli-
ably occur in received light data detected by the photodetector
6B.

[0057] The uneven portion 3A can be relatively readily
formed by, for example, changing conditions for abrading or
polishing the rotating object 3, without leading to a significant
increase in cost of the rotating object 3. Note that the uneven
portion 3A illustrated in the first embodiment is formed by
abrading or polishing the surface, and therefore, has a saw-
like profile having sharp top portions of projections and sharp
bottom portions of depressions. The uneven portion 3A may
have other profiles, such as, for example, a waveform-shaped
profile having curved top portions of projections and curved
bottom portions of depressions, a Mt. Fuji-shaped profile that
is obtained by forming dimples on the surface of the rotating
object 3 like a golf ball, and the like. Alternatively, instead of
surface abrasion or polishing, the uneven portion 3A may be
formed by other surface treatments, such as, for example, shot
peening, etching, graining, and the like. Alternatively, the
uneven portion 3A may be formed by providing a coating
containing minute particles.

[0058] Although, in the first embodiment, the illustrated
example ofthe uneven portion 3 A has an irregular shape, size,
pitch, and the like of projections and depressions, not all of
these irregular characteristics need to be possessed by the
uneven portion 3A, and the uneven portion 3A may have at
least one of these irregular characteristics. Specifically, for
example, the uneven portion 3A may have projections and
depressions having a regular shape and size and an irregular
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pitch, or projections and depressions having a regular pitch
and an irregular shape or size, or the like. Also, although, in
the foregoing example, the uneven portion 3A is formed
throughout the rotating surface of the rotating object 3, the
uneven portion 3A may be formed on a portion of the rotating
surface of the rotating object 3, like, for example, a color ball
having a porka-dot pattern or striped pattern. Also, although,
in the foregoing example, the uneven portion 3A is irregular
on the rotating surface of the rotating object 3 even when the
rotating object 3 is not rotating, i.e., is stopped, the uneven
portion 3A formed on the rotating surface of the rotating
object 3 may be irregular at least when the rotating object 3 is
rotating. For example, the uneven portion 3A may seem to be
regular, but actually irregular in a circumferential direction
along which the rotating object 3 rotates, like stitching of a
hardball baseball or volleyball or the like. The uneven portion
3 A may be regular when the rotating object 3 is stopped, and
may be irregular during rotation in a circumferential direction
along which the rotating object 3 rotates, due to the way of
rotating or a difference in the position illuminated with light,
like dimples of a golf ball, stitching of a football, or the like.

[0059] As shown in FIG. 2(b), the photodetector 6B
includes a one-dimensional photodetector (e.g., a one-dimen-
sional photodiode array, etc.) having a plurality of light
receiving elements S arranged in parallel. In the photodetec-
tor 6B, the plurality of light receiving elements S have a light
receiving surface facing the rotating surface of the rotating
object 3 illuminated with light, and are aligned in a direction
perpendicular to the direction of rotation of the rotating object
3. The photodetector 6B, when receiving reflected light from
the uneven portion 3A, outputs a photocurrent (A: ampere)
that is proportional to the intensity of the reflected light, as
received light data, for each of the plurality of light receiving
elements S. Note that the entire photodetector 6B has dimen-
sions of about 5 mmx15 mmx3 mm (thickness), and the light
receiving surface of each light receiving element S has dimen-
sions of about 1 mmx2 mm.

[0060] FIG. 2(c) illustrates a variation of the first embodi-
ment. As shown in FIG. 2(c), the photodetector 6B is not
limited to the one-dimensional photodetector of FIG. 2(b),
and may be a two-dimensional photodetector having a plu-
rality of light receiving elements S two-dimensionally
arranged in parallel, or a zero-dimensional photodetector
having a single light receiving element S (not shown). In the
photodetector 6B of FI1G. 2(¢), the plurality of light receiving
elements S have a light receiving surface facing the rotating
surface of the rotating object 3 illuminated with light, and are
aligned in the direction of rotation of the rotating object 3 and
in a direction perpendicular to the direction of rotation of the
rotating object 3. Note that, in the case of the photodetectors
6B of FIGS. 2(b) and (¢), the plurality of light receiving
elements S may all be configured to function as the light
receiving unit 6. Alternatively, a portion of the plurality of
light receiving elements S may be caused to function as the
light receiving unit 6, and if a light receiving element S
functioning as the light receiving unit 6 is out of order, another
light receiving element S may be effectively utilized as a
spare light receiving element S.

[0061] The viscosity measurement control and rotational
speed detection control performed by the control device 10
will be specifically described with reference to FIGS. 3 and 4
while referring to a procedure for operating the viscosity
measurement device 1. Initially, as a preliminary step for
operation of the viscosity measurement device 1, the mea-
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surer places the sample 2A whose viscosity 7] is to be mea-
sured, together with the rotating object 3, in the sample con-
tainer 2, and sets the sample container 2 in the viscosity
measurement device 1. In this case, the uneven portion 3A is
formed throughout the rotating surface of the rotating object
3, and therefore, even when the uneven portion 3A is not
positioned with respect to a position illuminated with light
emitted by the light emitting unit 5, then if the sample 2A and
the rotating object 3 are only placed in the sample container 2,
which is then only set in in the viscosity measurement device
1, the uneven portion 3A can be reliably illuminated with light
emitted by the light emitting unit 5. Thereafter, viscosity
measurement conditions are set by operating the input unit 18
while viewing the display unit 19. Examples of the viscosity
measurement conditions include the number of revolutions of
the rotating magnetic field, measurement temperature, and
the like. In the first embodiment, a case where the number of
revolutions of the rotating magnetic field is set to N0 will be
described, and the other settings of the viscosity measurement
conditions will not be described.

[0062] Asshown in FIG. 3, after the end of the preliminary
step, the measurer operates the input unit 18 to input an
instruction to start viscosity measurement (step S1), and
thereafter, the general control unit 11 outputs an instruction to
rotate to the rotation control unit 12. Thereafter, the rotation
control unit controls the period of alternate or simultaneous
magnetization of the two pairs of electromagnets 4 so that the
rotating magnetic field is rotated at a number of revolutions of
NO specified by the general control unit 11 (step S2). As a
result, a rotating torque is applied to the rotating object 3 so
that the rotating object 3 is driven to rotate. When the rotating
object 3 is driven to rotate, the general control unit 11 outputs
power to the light emitting unit 5 to turn on the light emitting
unit 5, which then starts emitting light to the rotating object 3
in the sample container 2 (step S3). In this case, although not
shown, the general control unit 11 turns on the light emitting
unit 5, and outputs power to the photodetector 6B of the light
receiving unit 6 to turn on the photodetector 6B. Note that the
light emitting unit 5 and the photodetector 6B may be turned
on at different timings. For example, the light emitting unit 5
and the photodetector 6B may be configured to be turned on
when a power supply to the viscosity measurement device 1 is
turned on, or when the measurer inputs an instruction to start
viscosity measurement. The same applies to timings
described below at which the light emitting unit 5 and the
photodetector 6B are turned off.

[0063] Next, the received light data obtaining unit 13 starts
obtaining received light data output from the plurality of light
receiving elements S of the photodetector 6B, according to an
instruction to obtain data from the general control unit 11
(step S4). The received light data obtaining unit 13 obtains
received light data from input data received from the photo-
detector 6B at preset predetermined short time intervals. The
received light data obtaining unit 13 calculates an average
value of the received light data from the plurality of light
receiving elements S at the preset predetermined short time
intervals, and obtains the average value as the intensity of
reflected light (received light intensity). Thus, the overall
received light data of the plurality of light receiving elements
S is evaluated to obtain the received light intensity, and there-
fore, time-series data D precisely corresponding to the inten-
sity of reflected light can be obtained. Note that the received
light intensity may be calculated from the received light data
of'the plurality of light receiving elements S using a different
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calculation technique. For example, the cumulative value of
received light data obtained from each of the plurality of light
receiving elements S may be calculated, and obtained as the
received light intensity.

[0064] The received light data obtaining unit 13 obtains the
received light data and the received light intensity for a preset
predetermined period of time, to obtain time-series data D of
the received light intensity for the predetermined period of
time (step S5, NO). After the end of obtaining of the time-
series data D (step S5, YES), the received light data obtaining
unit 13 stores the time-series data D to the received light data
storage unit 14 (step S6). Graphs shown in steps S4 and S5 of
FIG. 4 show an example of the time-series data D. As can be
seen from the graphs, the received light intensity varies peri-
odically or regularly to draw the same waveform each time
the rotating object 3 rotates one revolution. The variation in
the received light intensity occurs irrespective of the number
of revolutions of the rotating object 3. For example, even
when the number of revolutions N0 of the rotating magnetic
field is set to be high so that the rotating object 3 is rotated at
high speed, time-series data D indicating the periodicity or
regularity of the received light intensity can be obtained
although the period of the waveform of the time-series data D
decreases. Although, in the example of FIG. 4, time-series
data D corresponding to about five revolutions of the rotating
object 3 is shown, it is only necessary to obtain time-series
data D corresponding to at least one revolutions of the rotating
object 3. For example, the received light data obtaining unit
13 may be configured so that time-series data D correspond-
ing to a different number of revolutions of the rotating object
3 can be obtained by changing the setting of the predeter-
mined period of time for obtaining the received light data.

[0065] Next, the rotational speed calculation unit 15 reads
the time-series data D from the received light data storage unit
14, and calculates the number of revolutions Na of the rotat-
ing object 3, according to an instruction to calculate from the
general control unit 11 (step S7). Specifically, for example, as
shown in step S7 of FIG. 4, a time T1 (sec) between adjacent
troughs of the time-series data D, i.e., atime T1 it takes for the
rotating object 3 to rotate one revolution, is measured. There-
after, the rotational speed calculation unit 15 calculates the
number of revolutions Na (rpm) of the rotating object 3 from
the measured time T1 using a predetermined calculation
expression shown in step S7 of FIG. 4. In this case, the time
T1 may be measured for all sets of adjacent troughs of the
time-series data D (four sets in the example of F1G. 4), and an
average value of a plurality of the times T1,T1, ..., and T1
may be used in calculation of the number of revolutions Na of
the rotating object 3. Such a configuration allows for higher-
precision calculation of the number of revolutions Na of the
rotating object 3. Note that different time-series data D is
obtained each time the viscosity 1 is measured, and therefore,
measurement points may be appropriately set, depending on
the waveform of the time-series data D. For example, as
shown in step S7 of FIG. 4, instead of measuring a time
between peak values of lower limits of the time-series data D,
a time between peak values of upper limits of the time-series
data D may be measured. Alternatively, a time between mea-
surement points in the time-series data D having the same
received light intensity value may be measured.

[0066] Next, the number of revolutions Na of the rotating
object calculated by the rotational speed calculation unit 15 is
output to the viscosity calculation unit 16. The viscosity cal-
culation unit 16 reads the standard data stored in the standard
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data storage unit 17, and reads the number of revolutions NO
of' the rotating magnetic field applied to the rotating object 3
from the rotation control unit 12, and then calculates the
viscosity 1 of the sample 2A based on the standard data and
the number of revolutions NO of the rotating magnetic field,
and the number of revolutions Na of the rotating object
received from the rotational speed calculation unit 15,
according to an instruction to calculate from the general con-
trol unit 11 (step S8). Specifically, the viscosity calculation
unit calculates a difference AN (=N0-Na) in the number of
revolutions between the number of revolutions NO of the
rotating magnetic field and the number of revolutions Na of
the rotating object 3, and then calculates the slope AN/Na of
the first-order equation from the number-of-revolutions dif-
ference AN and the number of revolutions Na of the rotating
object 3, and then calculates the viscosity 1 (cP) of the sample
2A based on the slope AN/Na and the standard data. The
viscosity 1 calculated by the viscosity calculation unit 16, and
the number of revolutions Na of the rotating object 3 calcu-
lated by the rotational speed calculation unit 15, are automati-
cally displayed together on the display unit 19 by the general
control unit 11 (step S9). Note that, although not shown, after
the end of the measurement of the viscosity m, the general
control unit 11 stops outputting power to the light emitting
unit 5 and the photodetector 6B to turn off the light emitting
unit 5 and the photodetector 6B, and outputs an instruction to
stop to the rotation control unit 12 to stop the rotation of the
rotating object 3.

[0067] As described above, the viscosity measurement
device 1 of the first embodiment is a practical implementation
of measurement of the number of revolutions Na of the rotat-
ing object 3 using an optical means, that cannot be achieved in
the prior art. Specifically, it is known that when a rough
surface is illuminated with light, light waves reflected by
different points on the rough surface interfere with each other,
resulting in a random light spatial intensity distribution, so
that a so-called “speckle pattern” is formed. The present
inventors conceived, through trial and error, that the number
of revolutions of the rotating object 3 could be readily
detected by effective use of such a nature of the speckle. This
conception encouraged the present inventors to create the
uneven portion 3A on the rotating surface of the rotating
object 3 thatis a usually smooth curved surface, and to repeat-
edly analyze received light data while changing experimental
conditions, such as the size of the uneven portion 3A and the
like. As a result, the present inventors found that time-series
data D obtained by emitting light to the rotating object 3
having the uneven portion 3A has certain periodicity or regu-
larity, and by employing the above configuration according to
the present invention, the number of revolutions Na of the
rotating object 3 can be detected with high precision using the
photodetector 6B that is commercially available and rela-
tively inexpensive, etc. As a result, the rotational speed of the
rotating object 3, which cannot be detected in the prior art
without using an expensive image capture device, such as a
high-speed camera, etc., can be detected by a simple control
using the photodetector 6B that is commercially available and
relatively inexpensive and the like. As a result, the manufac-
turing cost and size of the viscosity measurement device 1 can
be significantly reduced while improving the precision of
viscosity measurement.

Second Embodiment

[0068] A viscosity measurement device 1 according to a
second embodiment will be described with reference to FIGS.
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5-10. In the second embodiment, shown is an example appli-
cation of the rotational speed detection device of the present
invention to calculation of an arrangement angle o and cal-
culation of the viscosity 1 by the viscosity measurement
device 1. Note that parts common to the first and second
embodiments will not be described, and only parts different
from the first embodiment will be described. As shown in
FIG. 5, in the second embodiment, the light receiving unit 6
includes an upstream light receiving unit 61 provided
upstream in the direction of rotation of the rotating object 3,
and a downstream light receiving unit 62 provided down-
stream in the direction of rotation of the rotating object 3. The
upstream light receiving unit 61 and the downstream light
receiving unit 62 each include a lens 6 A, a photodetector 6B,
and a filter 6C.

[0069] As shown in FIG. 6(a), the photodetector 6B of the
upstream light receiving unit 61 and the photodetector 6B of
the downstream light receiving unit 62 are away from each
other at an arrangement angle o around the rotation axis CL.
of the rotating object 3. Although, in FIG. 6(a), the arrange-
ment angle o is set to an angle slightly smaller than 90
degrees, the arrangement angle o may be set to a small angle
so that the two photodetectors 6B are close to each other.
Conversely, the arrangement angle o may be set to a large
angle so that the two photodetectors 6B are provided on
opposite sides of the rotational axis CL of the rotating object
3. As in the first embodiment, the photodetectors 6B of the
upstream and downstream light receiving units 61 and 62
include a one-dimensional photodetector (e.g., a one-dimen-
sional photodiode array, etc.) having a plurality of light
receiving elements S arranged in parallel. The plurality of
light receiving elements S have a light receiving surface fac-
ing the rotating surface of the rotating object 3 illuminated
with light. In addition, the plurality of light receiving ele-
ments S are aligned in a direction perpendicular to the direc-
tion of rotation of the rotating object 3.

[0070] FIG. 6(b) shows a variation of the second embodi-
ment. As shown in FIG. 6(b), the photodetector 6B is not
limited to the one-dimensional photodetector of FIG. 6(a),
and may be a two-dimensional photodetector having a plu-
rality of light receiving elements S two-dimensionally
arranged in parallel. In the photodetector 6B of FIG. 6(), the
plurality of light receiving elements S have a light receiving
surface facing the rotating surface of the rotating object 3
illuminated with light. In addition, the plurality of light
receiving elements S are aligned in the direction of rotation of
the rotating object 3 and in a direction perpendicular to the
direction of rotation of the rotating object 3. Note that, in the
photodetectors 6B of FIGS. 6(a) and (b), the plurality of light
receiving elements S may all be configured to function as the
light receiving unit 6. Alternatively, a portion of the plurality
of light receiving elements S may be caused to function as the
light receiving unit 6, and if a light receiving element S
functioning as the light receiving unit 6 is out of order, another
light receiving element S may be effectively utilized as a
spare light receiving element S.

[0071] As shown in FIG. 5, the control device 10 further
includes an angle calculation unit 14A that calculates the
arrangement angle o between the photodetector 6B of the
upstream light receiving unit 61 and the photodetector 6B of
the downstream light receiving unit 62, and an angle storage
unit 14B that stores the arrangement angle o calculated by the
angle calculation unit 14A.
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[0072] An arrangement angle calculation control per-
formed by the control device 10 will be specifically described
with reference to FIGS. 7(a) and 8 while referring to a pro-
cedure for operating the viscosity measurement device 1. The
calculation of the arrangement angle o is performed when the
viscosity measurement device 1 is adjusted before shipment
or when the arrangement angle o is changed during mainte-
nance of the photodetector 6B or the like. Initially, as a pre-
liminary step for obtaining the arrangement angle, the worker
places the sample 2A and the rotating object 3 together in the
sample container 2, and sets the sample container 2 in the
viscosity measurement device 1.

[0073] As shown in FIG. 7(a), after the end of the prelimi-
nary step, the worker operates the input unit 18 to input an
instruction to start measuring the angle (step S11). Thereafter,
the general control unit 11 outputs an instruction to rotate to
the rotation control unit 12. The rotation control unit 12
performs a control so that the rotating magnetic field rotates at
anumber of revolutions of N0 specified by the general control
unit 11 (step S12). When the rotating object 3 is driven to
rotate, the general control unit 11 outputs power to the light
emitting unit 5 to turn on the light emitting unit 5, which then
starts emitting light to the rotating object 3 in the sample
container 2 (step S13).

[0074] Next, the received light data obtaining unit 13 starts
obtaining received light data output from the plurality of light
receiving elements S of the photodetectors 6B, based on an
instruction to obtain data from the general control unit 11
(step S14). The received light data obtaining unit 13 obtains
the received light data from input data received from the
photodetectors 6B at preset predetermined short time inter-
vals. The received light data obtaining unit 13 calculates an
average value of the received light data of the plurality of light
receiving elements S at the predetermined short time inter-
vals. The average value is obtained as the intensity of received
light (reflected light intensity). The received light data obtain-
ing unit 13 obtains the received light data and the received
light intensity at the preset predetermined time intervals, to
obtain time-series data D of the received light intensity within
apredetermined period of time (step S15, NO). After the end
of obtaining of the time-series data D (step S15, YES), the
received light data obtaining unit 13 stores the time-series
data D to the received light data storage unit 14 (step S16).
The control process in the above steps S11-S16 are similar to
that in steps S1-S6 of the first embodiment, except that, as
shown in steps S14 and S15 of FIG. 8, in the second embodi-
ment, the photodetector 6B of the upstream light receiving
unit 61 and the photodetector 6B of the downstream light
receiving unit 62 simultaneously obtain time-series data D1
and time-series data D2, respectively, as the time-series data
D. Although, in the example of FIG. 8, the time-series data D1
and D2 corresponding to about five revolutions of the rotating
object 3 is shown, the time-series data D1 and D2 correspond-
ing to a different number of revolutions of the rotating object
3 may be obtained as in the first embodiment.

[0075] Next, the angle calculation unit 14A reads the time-
series data D1 and D2 from the received light data storage unit
14 according to an instruction to calculate from the general
control unit 11, and calculates the arrangement angle o
between the photodetector 6B of the upstream light receiving
unit 61 and the photodetector 6B of the downstream light
receiving unit 62 (step S17). Specifically, for example, as
shown in step S17 of FIG. 8, calculated are a time T1 (sec)
between adjacent troughs of the time-series data D1, ie., a
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time T1 it takes for the rotating object 3 to rotate one revolu-
tion, and a time T2 (sec) between a trough of the time-series
data D1 and a trough of the time-series data D2 corresponding
to that trough, i.e., a difference in detection time between the
two photodetectors 6B. Note that the time T1 may be mea-
sured from the time-series data D2. Thereafter, the angle
calculation unit 14A calculates the arrangement angle o
between the photodetector 6B of the upstream light receiving
unit 61 and the photodetector 6B of the downstream light
receiving unit 62 from the measured times T1 and T2, using a
predetermined calculation expression shown in step S17 of
FIG. 8. The arrangement angle o calculated by the angle
calculation unit 14A is stored in the angle storage unit 14B,
and is used in calculation of an angular velocity w of the
rotating object 3 by the rotational speed calculation unit 15
(step S18). As a result, for example, even when the two
photodetectors 6B are not accurately positioned, the arrange-
ment angle o of the two photodetectors 6B can be accurately
calculated by a simple operation. Note that, for example,
when the arrangement angle c of the two photodetectors 6B
can be accurately measured by the worker, or when the two
photodetectors 6B can be accurately positioned using a jig or
the like, the angle calculation unit 14A may be removed, and
the measured or positioned arrangement angle o may be input
to the angle storage unit 14B by the worker operating the
input unit 18.

[0076] A rotational speed calculation control performed by
the control device 10 will be specifically described with ref-
erence to FIGS. 7(b) and 9 while referring to a procedure of
operating the viscosity measurement device 1. Initially, as a
preliminary step for operating the viscosity measurement
device 1, the measurer places the sample 2A whose viscosity
7 is to be measured, together with the rotating object 3, in the
sample container 2, and sets the sample container 2 in the
viscosity measurement device 1. As shown in FIG. 7(5), after
the end of the preliminary step, the measurer operates the
input unit 18 to input an instruction to start viscosity mea-
surement (step S21), and then the general control unit 11
outputs an instruction to rotate to the rotation control unit 12,
which then performs a control so that the rotating magnetic
field rotates at a number of revolutions of N0 specified by the
general control unit 11 (step S22). When the rotating object 3
is driven to rotate, the general control unit 11 outputs powerto
the light emitting unit to turn on the light emitting unit 5,
which then starts emitting light to the rotating object 3 in the
sample container 2 (step S23).

[0077] Next, the received light data obtaining unit 13 starts
obtaining received light data output from the plurality of light
receiving elements S of the photodetectors 6B, according to
an instruction to obtain the data from the general control unit
11 (step S24). The received light data obtaining unit 13
obtains the received light data from input data received from
the photodetectors 6B at preset predetermined short time
intervals. The received light data obtaining unit 13 calculates
an average value of the received light data from the plurality
oflight receiving elements S at the preset predetermined short
time intervals, and obtains the average value as the intensity
of reflected light (received light intensity). The received light
data obtaining unit 13 obtains the received light data and the
received light intensity for a preset predetermined period of
time, to obtain time-series data D of the received light inten-
sity for the predetermined period of time (step S25, NO).
After the end of obtaining of the time-series data D (step S25,
YES), the received light data obtaining unit 13 stores the

Jun. 9, 2016

time-series data D to the received light data storage unit 14
(step S26). The control process in the above steps S21-S26 are
similar to that in steps S1-S6 of the first embodiment, except
that, as shown in steps S24 and S25 of FIG. 9, in the second
embodiment, the photodetector 6B of the upstream light
receiving unit 61 and the photodetector 6B of the downstream
light receiving unit 62 simultaneously obtain time-series data
D1 and time-series data D2, respectively, as the time-series
data D. Also, in the second embodiment, the predetermined
period of time for which the received light data obtaining unit
13 obtains the received light data is set to be shorter than the
predetermined period of time in the first embodiment. Graphs
shown in steps S24 and S25 of FIG. 9 show an example of the
time-series data D1 and D2. As can be seen from the graphs,
the waveforms of the received light intensities of the time-
series data D1 and D2 have periodicity or regularity, and vary
with a time difference therebetween. Although, in the
example of FIG. 9, the time-series data D1 and D2 corre-
sponding to about half a revolution of the rotating object 3 is
shown, it is only necessary to obtain the time-series data D1
and D2 corresponding to less than one revolution of the rotat-
ing object 3. For example, the received light data obtaining
unit 13 may be configured so that the time-series data D1 and
D2 corresponding to a different angle of rotation of the rotat-
ing object 3 may be obtained by changing the setting of the
predetermined period of time for obtaining the received light
data.

[0078] Next, the rotational speed calculation unit 15 reads
the time-series data D1 and D2 from the received light data
storage unit 14, and reads the arrangement angle o from the
angle storage unit 14B, to calculate the number of revolutions
Na of the rotating object 3, according to an instruction to
calculate from the general control unit 11 (step S27). Specifi-
cally, for example, as shown in step S27 of FIG. 9, measured
is a time T2 (sec) between a trough of the time-series data D1
and a trough of the time-series data D2 corresponding to that
trough, i.e., a difference in detection time of the two photo-
detectors 6B. Thereafter, the rotational speed calculation unit
15 calculates the angular velocity o (rad/s) of the rotating
object 3 from the measured time T2 and the arrangement
angle a using two predetermined calculation expressions
shown in step S27 of FIG. 9, and calculates the number of
revolutions Na (rpm) of the rotating object 3 from the calcu-
lated angular velocity .

[0079] Next, the number of revolutions Na of the rotating
object calculated by the rotational speed calculation unit 15 is
output to the viscosity calculation unit 16. The viscosity cal-
culation unit 16 reads the standard data stored in the standard
data storage unit 17, and reads the number of revolutions NO
of' the rotating magnetic field applied to the rotating object 3
from the rotation control unit 12, and calculates the viscosity
1 of the sample 2A based on the standard data and the number
of revolutions NO of the rotating magnetic field, and the
number of revolutions Na of the rotating object 3 received
from the rotational speed calculation unit 15 (step S28).
Thereafter, the viscosity 1 calculated by the viscosity calcu-
lation unit 16, and the number of revolutions Na of the rotat-
ing object 3 calculated by the rotational speed calculation unit
15, are automatically displayed together on the display unit
19 by the general control unit 11 (step S29). Note that the
calculation of the viscosity m is similar to that of the first
embodiment, and therefore, will not be described in detail.

[0080] FIG. 10 illustrates another example of the second
embodiment. Specifically, although, in the second embodi-
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ment, the upstream and downstream light receiving units 61
and 62 eachinclude the lens 6 A, the photodetector 6B, and the
filter 6C, a single photodetector 6B may be configured to
function as the upstream and downstream light receiving
units 61 and 62 as shown in FIGS. 10(a) and 10(5). In this
case, the lens 6A and the filter 6C included in the photode-
tector 6B are shared, so that the structure of the light receiving
unit 6 can be simplified, resulting in a reduction in manufac-
turing cost. Details of FIGS. 10(a) and 10(5) will now be
specifically described.

[0081] As shown in FIG. 10(a), the photodetector 6B
includes a one-dimensional photodetector having a plurality
of light receiving elements S arranged in parallel. In the
photodetector 6B, the plurality of light receiving elements S
have a light receiving surface facing the rotating surface of the
rotating object 3 illuminated with light. In addition, the plu-
rality of light receiving elements S are aligned in the direction
ofrotation of the rotating object 3. One of the plurality of light
receiving elements S that is located most upstream in the
direction of rotation functions as the upstream light receiving
unit 61, and one of the plurality of light receiving elements S
that is located most downstream in the direction of rotation
functions as the downstream light receiving unit 62. Specifi-
cally, the control device 10 performs the arrangement angle
calculation control shown in FIGS. 7(a) and 8 and the rota-
tional speed calculation control of FIGS. 7(4) and 9, based on
time-series data D1 obtained from the light receiving element
S serving as the upstream light receiving unit 61 and time-
series data D2 obtained from the light receiving element S
serving as the downstream light receiving unit 62. Although,
in the example of FIG. 10(a), the most upstream and down-
stream light receiving elements S function as the upstream
and downstream light receiving units 61 and 62, the other
light receiving elements S may function as the upstream and
downstream light receiving units 61 and 62. Also, if the light
receiving elements S functioning as the upstream and down-
stream light receiving units 61 and 62 are out of order, other
light receiving elements S may be used as the upstream and
downstream light receiving units 61 and 62. In this case, after
the replacement, the arrangement angle o can be calculated
by performing the arrangement angle calculation control of
FIGS. 7(a) and 8 again. As a result, another light receiving
element S may be effectively utilized as a spare light receiv-
ing element S.

[0082] Also, as shown in FIG. 10(5), the photodetector 6B
may include a two-dimensional photodetector having a plu-
rality of light receiving elements S two-dimensionally
arranged in parallel. In the photodetector 6B of FIG. 10(b),
the plurality of light receiving elements S have a light receiv-
ing surface facing the rotating surface of the rotating object 3
illuminated with light. In addition, the plurality of light
receiving elements S are aligned in the direction of rotation of
the rotating object 3 and in a direction perpendicular to the
direction of rotation of the rotating object 3. A line of light
receiving elements S located most upstream in the direction
of rotation, of the plurality of light receiving elements S,
functions as the upstream light receiving unit 61, and a line of
light receiving elements S located most downstream in the
direction of rotation, of the plurality of light receiving ele-
ments S, functions as the downstream light receiving unit 62.
As a result, in addition to advantages similar to those of the
one-dimensional photodetector of FIG. 10(a), the intensity of
reflected light can be evaluated with high precision by obtain-
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ing time-series data D1 and D2 from received light data
obtained from the plurality of light receiving elements S.

[0083] Thus, the viscosity measurement device 1 of the
second embodiment has a further improvement to the viscos-
ity measurement device 1 of the first embodiment. Specifi-
cally, when it is intended to measure the viscosity n of a
relatively highly viscous substance, it is difficult for the rotat-
ing object to rotate due to viscous drag. In this case, when the
rotational speed detection control of the first embodiment is
used to detect one or more revolutions of the rotating object 3,
it takes a time to obtain the time-series data D, and therefore,
viscosity measurement cannot be quickly performed, which
poses another problem. Therefore, in the second embodi-
ment, by employing the above configuration of the present
invention, the time-series data D1 and D2 ofthe upstream and
downstream light receiving units 61 and 62 can be quickly
obtained, resulting in quick viscosity measurement. In addi-
tion, the accurate arrangement angle a calculated by the
arrangement angle calculation control can be used to calcu-
late the number of revolutions Na of the rotating object 3 with
high precision. As a result, the viscosity measurement preci-
sion of the viscosity measurement device 1 can be improved.

Other Embodiments

[0084] (1) The arrangements of the light emitting unit 5 and
the light receiving unit 6 with respect to the rotating object 3,
that are shown in the first and second embodiments, are
merely for illustrative purposes. Alternatively, for example, in
order to reduce the size of the viscosity measurement device
1, the light emitting unit 5 and the light receiving unit 6 may
be provided at different positions with respect to the rotating
object 3. Specifically, for example, as shown in FIG. 11(a),
the light emitting unit 5 may be provided directly above the
rotating object 3 while the light receiving unit 6 may be
provided above the electromagnets 4. Alternatively, for
example, as shown in FIG. 11(b), the light emitting unit 5 and
the light receiving unit 6 may be provided between the elec-
tromagnets 4 and 4 and at the same or substantially same
height as that of the rotating object 3 and the electromagnets
4.

[0085] (2) The structures for applying the rotating magnetic
field to the rotating object 3, that are shown in the first and
second embodiments, are merely for illustrative purposes.
Alternatively, for example, as shown in FIG. 11(¢), the rotat-
ing magnetic field may be applied to the rotating object 3 by
driving permanent magnets 4A provided below the rotating
object 3 using a drive means, such as an electric motor M or
the like, to rotate about the rotation axis CL. Also, in this case,
as in (1), the light emitting unit 5 and the light receiving unit
6 may be provided at the same or substantially same height as
that of the rotating object 3 as shown in FIG. 11(c), or alter-
natively, may be provided above or below the rotating object
3 although not shown.

[0086] (3) The structures of the rotating object 3 and the
sample container 2 shown in the first and second embodi-
ments are merely for illustrative purposes. Alternatively, the
rotating object 3 and the sample container 2 may have other
shapes or structures. Specifically, for example, as shown in
FIG. 11(d), the sample container 2 may be a petri dish-shaped
container, and the rotating magnetic field may be applied to a
disc-shaped rotating object 3 floating on the surface of the
sample 2A in the sample container 2. In this case, the uneven
portion 3A may be formed on an upper surface, lower surface,
or outer circumferential surface of the disc-shaped rotating
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object 3, and the number of revolutions Na of the rotating
object 3 or the like may be detected using the light emitting
unit 5 and the light receiving unit 6 that are provided above,
below, or near an outer periphery of the rotating object 3. Note
that FIG. 11(d) shows an example in which the uneven portion
3 A is formed on an upper surface of the rotating object 3, and
the light emitting unit 5 and the light receiving unit 6 are
provided above the rotating object 3.

[0087] (4) In the first and second embodiments, in order to
calculate the viscosity 1 using the viscosity calculation unit
16, the rotational speed calculation unit 15 is used to calculate
the number of revolutions Na (rpm) of the rotating object 3,
which is merely for illustrative purposes. The rotational speed
as used herein encompasses both the number of revolutions
and the angular velocity. For example, in the first embodi-
ment, the rotational speed calculation unit 15 may calculate
the angular velocity w (rad/s) of the rotating object 3, and the
viscosity calculation unit 16 may calculate the viscosity m
using the angular velocity w calculated by the rotational
speed calculation unit 15 or using the number of revolutions
Na calculated from the angular velocity w. In the second
embodiment, similarly, the viscosity calculation unit 16 may
calculate the viscosity n using the angular velocity o calcu-
lated by the rotational speed calculation unit 15 or using the
number of revolutions Na calculated from the angular veloc-
ity .

[0088] (5) In the second embodiment, the rotational speed
calculation control is performed using the time-series data D1
and D2 obtained from both of the upstream and downstream
light receiving units 61 and 62, which is merely for illustrative
purposes. In the entire configuration of the viscosity measure-
ment device 1 shown in FIG. 5 of the second embodiment,
time-series data D corresponding to one or more revolutions
of the rotating object 3 may be obtained from one of the
upstream and downstream light receiving units 61 and 62 so
that the rotational speed calculation control shown in FIGS. 3
and 4 of the first embodiment can also be performed. Specifi-
cally, for example, when the viscosity 1 of a relatively high
viscous substance is measured, the rotational speed calcula-
tion control of the second embodiment may be performed,
and when the viscosity of a relatively low viscous substance
is measured, the rotational speed calculation control of the
first embodiment may be performed. Thus, the two rotational
speed calculation controls of the first and second embodi-
ments may both be performed. As a result, the advantages of
the two rotational speed calculation controls can be utilized to
measure the viscosity 1) with higher precision. In this case, for
example, a control form changing unit (not shown) that
changes the two rotational speed calculation controls may be
provided in the control device 10 so that the two rotational
speed calculation controls can be changed based on an input
from the input unit 18 by the measurer or based on automatic
determination by the control device 10.

[0089] (6) In the first and second embodiments, the rota-
tional speed detection device of the present invention is
applied to the viscosity measurement device 1, which is
merely for illustrative purposes. In addition to the viscosity
measurement device 1, the rotational speed detection device
of the present invention may be applied to detection of a
rotational speed by various devices. Specifically, for example,
as shown in FIG. 11(e), in a rotation detector K1 that is used
to detect the rotational speed of a rotating portion, such as a
wheel shaft, output shaft, or the like, of a rotation drive unit of
various vehicles, working machines, industrial machines, or
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the like, the uneven portion 3A may be formed on an outer
circumferential surface of a cylindrical or disc-shaped rotat-
ing portion J1 (if the outer circumferential surface of the
rotating portion J1 has a rough surface corresponding to the
uneven portion 3A, the uneven portion 3A may not be
formed), and the light emitting unit 5 and the light receiving
unit 6 may be provided near an outer periphery of the rotating
portion J1, and the rotational speed of the rotating portion J1
may be detected based on the principle of the rotational speed
detection device of the present invention. In this case, it is not
necessary to form regular projections and depressions (e.g.,
those possessed by a pulse encoder, etc.) on the outer circum-
ferential surface of the rotating portion J1, advantageously
leading to a reduction in manufacturing cost. Note that the
uneven portion 3A may be formed on a side surface of the
rotating portion J1, and the light emitting unit 5 and the light
receiving unit 6 may be provided at a position facing the side
surface of the rotating portion J1. Alternatively, for example,
as shown in FIG. 11(f), in a mobile or stationary non-contact
rotating meter K2 that is used to detect the rotational speed of
a rotating portion, such as the rotating shafts of various rotat-
ing devices (e.g., motors, engines, fluid devices, etc.) or the
like, the uneven portion 3A may be formed on an outer cir-
cumferential surface of a cylindrical or disc-shaped rotating
portion J2 (if the outer circumferential surface of the rotating
portion J2 has a rough surface corresponding to the uneven
portion 3A, the uneven portion 3A may not be formed), and
the rotational speed of the rotating portion J2 of various
rotating devices may be detected based on the principle of the
rotational speed detection device of the present invention.
Also, in this case, the uneven portion 3A may be formed on a
side surface (end surface) of the rotating portion J2, and the
light emitting unit 5 and the light receiving unit 6 may be
provided at a position facing the side surface of the rotating
portion J2.

INDUSTRIAL APPLICABILITY

[0090] The rotational speed detection device and rotational
speed detection method of the present invention are appli-
cable to various devices that detect the rotational speed of a
rotating object, in addition to the viscosity measurement
device 1, the rotation detector K1, and the non-contact rotat-
ing meter K2.

REFERENCE SIGNS LIST

[0091] 1 VISCOSITY MEASUREMENT DEVICE

[0092] 2 SAMPLE CONTAINER

[0093] 2A SAMPLE

[0094] 3 ROTATING OBIECT
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[0098] 6 LIGHT RECEIVING UNIT

[0099] 6B PHOTODETECTOR

[0100] 61 UPSTREAM LIGHT RECEIVING UNIT

[0101] 62 DOWNSTREAM LIGHT RECEIVING
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[0102] 12 ROTATION CONTROL UNIT
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UNIT

[0104] 14A ANGLE CALCULATION UNIT

[0105] 14B ANGLE STORAGE UNIT
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[0106] 15 ROTATIONAL SPEED CALCULATION
UNIT

[0107] 16 VISCOSITY CALCULATION UNIT

[0108] D TIME-SERIES DATA

[0109] D1 TIME-SERIES DATA

[0110] D2 TIME-SERIES DATA

[0111] NONUMBER OF REVOLUTIONS OF ROTAT-

ING MAGNETIC FIELD
[0112] NaNUMBER OF REVOLUTIONS OF ROTAT-
ING OBIJECT

[0113] P1 DISTANCE BETWEEN TOP PORTIONS

[0114] P2 DISTANCE BETWEEN BOTTOM POR-
TIONS

[0115] S LIGHT RECEIVING ELEMENT

[0116] T1TIME

[0117] T2 TIME

[0118] o ARRANGEMENT ANGLE

[0119] v VISCOSITY

1. A rotational speed detection device comprising:

a rotating object;

a light emitting unit of emitting light to the rotating object;

a light receiving unit of receiving light reflected by the
rotating object after being emitted from the light emit-
ting unit to the rotating object;

a received light data obtaining unit of obtaining received
light data of the light received by the light receiving unit;
and

a rotational speed calculation unit of calculating a rota-
tional speed of the rotating object based on the received
light data received by the received light data obtaining
unit,

wherein

the rotating object has a rotating surface, and an irregular
uneven portion on the rotating surface, the uneven por-
tions having projections and depressions,

the received light data obtaining unit obtains time-series
data of received light data of light reflected by the
uneven portion, and

the rotational speed calculation unit calculates the rota-
tional speed of the rotating object from periodicity of the
time-series data.

2. The rotational speed detection device of claim 1,

wherein

in the uneven portion, a distance between bottom portions
of'adjacent depressions and a distance between top por-
tions of adjacent projections have a length that is one
hundredth or less of a maximum perimeter of the rotat-
ing object, and is ten times or more a wavelength of the
light emitted by the light emitting unit.

3. The rotational speed detection device of claim 1,

wherein

the uneven portion is formed on the rotating surface of the
rotating object by surface abrasion or polishing.

4. The rotational speed detection device of claim 1,

wherein

the light receiving unit includes a single light receiving
unit,

the received light data obtaining unit obtains the time-
series data corresponding to one or more revolutions of
the rotating object, and

the rotational speed calculation unit measures a time it
takes for the rotating object to rotate one revolution,
from the time-series data corresponding to one or more
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revolutions of the rotating object, and calculates the
rotational speed of the rotating object from the time.

5. The rotational speed detection device of claim 4,
wherein

the light receiving unit has a plurality of light receiving

elements facing the rotating surface of the rotating
object illuminated by the light emitting unit, and aligned
in a direction perpendicular to a direction of rotation of
the rotating object, and

the received light data obtaining unit evaluates the overall

received light data detected from the plurality of light
receiving elements to obtain the time-series data.

6. The rotational speed detection device of claim 1,
wherein

the light receiving unit includes an upstream light receiving

unit provided upstream in a direction of rotation of the
rotating object, and a downstream light receiving unit
provided downstream in the direction of rotation,
the received light data obtaining unit simultaneously
obtains time-series data of the received light data of both
the upstream and downstream light receiving units, and

the rotational speed calculation unit calculates the rota-
tional speed of the rotating object from the time-series
data simultaneously obtained by both the upstream and
downstream light receiving units.

7. The rotational speed detection device of claim 6,
wherein

the received light data obtaining unit obtains the time-

series data corresponding to less than one revolution of
the rotating object, and

the rotational speed calculation unit calculates the rota-

tional speed of the rotating object from the time-series
data corresponding to less than one revolution of the
rotating object, and an arrangement angle of the
upstream and downstream light receiving units around a
rotational axis of the rotating object.

8. The rotational speed detection device of claim 7,
wherein

the rotational speed detection device has an angle calcula-

tion unit of calculating the arrangement angle, and an
angle storage unit of storing the arrangement angle cal-
culated by the angle calculation unit,

the received light data obtaining unit obtains the time-

series data of the received light data corresponding to
one or more revolutions of the rotating object, as time-
series data for angle calculation,

the angle calculation unit calculates the arrangement angle

from the time-series data for angle calculation, and

the rotational speed calculation unit calculates the rota-

tional speed of the rotating object from the arrangement
angle calculated by the angle calculation unit and stored
in the angle storage unit.

9. A viscosity measurement device including the rotational
speed detection device of claim 1, the viscosity measurement
device comprising:

a sample container of containing a sample whose viscosity

is to be measured, and the rotating object;

a magnet of applying a rotating magnetic field to the rotat-

ing object from outside of the sample container;

a rotation control unit of controlling a rotational speed of

the rotating magnetic field; and

a viscosity calculation unit of calculating the viscosity of

the sample, wherein
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the viscosity calculation unit calculates the viscosity of the
sample using the rotational speed of the rotating object
calculated by the rotational speed calculation unit, and
the rotational speed of the rotating magnetic field.

10. A rotational speed detection method for emitting light
to a rotating object using a light emitting unit, receiving light
reflected by the rotating object using a light receiving unit,
and calculating a rotational speed of the rotating object based
on received light data of the light received by the light receiv-
ing unit, the method comprising:

a received light data obtaining step of emitting light to the
rotating object having a rotating surface and an irregular
uneven portion on the rotating surface, the uneven por-
tion having projections and depressions, and obtaining
time-series data of received light data of light reflected
by the uneven portion of the rotating object; and

a rotational speed calculation step of calculating the rota-
tional speed of the rotating object from periodicity of the
time-series data.

11. A rotating object used in the rotational speed detection

method of claim 10, wherein

in the uneven portion, a distance between bottom portions
of'adjacent depressions and a distance between top por-
tions of adjacent projections have a length that is one
hundredth or less of a maximum perimeter of the rotat-
ing object, and is ten times or more a wavelength of the
light emitted by the light emitting unit.
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