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(54) Four-degree-of-freedom parallel robot

(67)  The present invention has been made to pro-
vide a four-degree-of-freedom parallel robot capable of
displacing a traveling plate (4) with four degrees of free-
dom at a high speed and a high acceleration and posi-
tioning the traveling plate (4) with high rigidity and high
precision. The four-degree-of-freedom parallel robot of
the present invention has four actuators (2) fixed to the
base (1), four parallel linkages (3) each of which is cou-
pled at its upper end to an extremity of an arm (23) of
each of the actuatars (2) through a kinematic element
such as a universal joint {33}, and a traveling plate (4)
whose four corners are coupled to lower ends (32) of
the parallel linkages (3) through kinematic elements. By
cantrolling the actuators (2), a main member (41) of the
traveling plate (4) is displaced with four degrees of free-
dom, i.e., translated in all directions and rotated around
a predetermined axis. Only axial forces are applied to
rods (31) constituting the parallel linkages (3). Thus, the
traveling plate can be positioned at a high speed and
with high rigidity as well as high precision.
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Description
INCORPORATION BY REFERENCE

[0001] The disclosure of Japanese Patent Application
No. HEI 11-264311 filed on September 17, 1999 includ-
ing the specification, drawings and abstract is incorpo-
rated herein by reference in its entirety.

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0002] The present invention relates to a technical
field of a parallel robot wherein a plurality of actuators
are disposed in parallel. Although the present invention
is suited for an industrial robot designed for transporta-
tion, processing or machining, it is also widely applicable
to other devices such as a driving simulator for a motor
vehicle.

2. Description of the Related Art

[0003] The industrial robot is classified into a serial
robot such as an arm-type robot with a serial linkage
mechanism wherein actuators are disposed in series
and a parallel robot such as a flight simulator with a par-
allellinkage mechanism wherein actuators are disposed
in parallel. in the parallel robot, unlike the case with the
serial robot, there is no bending moment applied to rods
constituting the linkage mechanism. That is, only a ten-
sile or compressive axial force is applied to the rods.
Thus, the parallel robot is capable of operating at a high
speed and a high acceleration and ensuring high rigidity.
[0004] Parallel robots having six degrees of freedom
(related art 1), such as a flight simulator, are disclosed
in United States Patent No. 5,333,514 and United States
Patent Na. 5,715,729 and have already been commer-
cialized. In these six-degree-of-freedom parallel robots,
a traveling plate can be translated in all directions along
three orthogonal axes and rotated around the three or-
thogonal axes. In other words, the traveling plate can
operate with an extremely high degree of freedom. How-
ever, six actuators are required to realize movements
with six degrees of freedom in such a six-degree-of-free-
dom parallel robot. It is impossible to dispense with
these actuators. Therefore, there is inevitably a limit im-
posed on an attempt to cut down the cost. This limit
makes the six-degree-of-freedom parallel robot expen-
sive.

[0005] It is considered that flight simulators for simu-
lating maneuver of an aircraft need to have six degrees
of freedom. However, industrial robots do not always re-
quire six degrees of freedom. That is, many industrial
robots operate satisfactorily as long as they can be dis-
placed with four degrees of freedom, i.e., can be trans-
lated in longitudinal, lateral and vertical directions and
rotated in a horizontal plane. A specification with six de-
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grees of freedom is an overburden for industrial robots.
[0006] Thus, United States Patent No. 4,976,582 dis-
closes a pseudo-parallel robot capable of moving with
the aforementioned four degrees of freedom. This robot
will be referred to as "related art 1" to be distinguished
from a four-degree-of-freedom parallel robot of the
present invention.

[0007] The robot of the related art Il has three parallel
linkages each of which has two rods driven by an actu-
ator. These parallel linkages make it possible to trans-
late a traveling plate with three degrees of freedom. To
enable the traveling plate to be turned in a horizontal
plane, the robot of the related art Il has a freely expand-
able torque rod which is rotationally driven by a fourth
actuator. The tarque rod is coupled at one end to a shaft
of a rotational motor through a universal joint and at the
other end to a central portion of the traveling plate
through a universal joint. Therefore, the traveling plate
follows rotational movement of the drive shaft of the ro-
tational motor and is rotated in the horizontal plane.
[0008] Inthe robot of the related art |1, the number of
actuators can be reduced to four. As a result, this robot
is less expensive than the aforementioned six-degree-
of-freedom parallel robot which requires six actuators.
[0009] However, inthe robot of the related art I, since
a torsional moment is applied to the torque rod, it is dif-
ficult to accomplish a movement at a high speed and a
high acceleration as intrinsically required of the parallel
robot. That is, if a great torque is applied to the torque
rod, it undergoes torsional deformation. For this reason,
the robot of the related art Il cannot be rotated as pre-
cisely as those of the related art I. If the robot of the
related art |l is stopped from being rotated all of a sud-
den, it causes torsional vibrations. In this case, it takes
a long time to position the robot.

[0010] In addition, as described above, since the ro-
bot of the related art Il has the torque rod susceptible to
torsional deformation, its rigidity tends to be insufficient.
Therefare, if a yawing moment is applied to the traveling
plate, it is rotated in accordance with torsional deforma-
tion of the torque rod. As a result, the robot of the related
art Il is disadvantageous in that the traveling plate can-
not easily be positioned with high rigidity and high pre-
cision.

SUMMARY OF THE INVENTION

[0011] It is thus an object of the present invention to
provide a four-degree-of-freedom parallel robot capable
of displacing a traveling plate with four degrees of free-
dom at a high speed and a high acceleration and posi-
tioning the traveling plate with high rigidity and high pre-
cision.

[0012] Accordingto afirstaspect of the present inven-
tion, a four-degree-of-freedom parallel robot comprising
a base, four actuator fixed to said base, four rod mem-
bers each of which is coupled at one end to a movable
portion of said actuators through a kinematic element,
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and a traveling plate whose four corners are coupled to
the other ends of said rod members through kinematic
elements, wherein at least part of said traveling plate
can be displaced with four degrees of freedom which
are defined by linear motions along three orthogonal ax-
es and one rotation around a predstermined axis.
[0013] In the first aspect of the present invention, the
four actuators are controlled in an interconnected man-
ner. If the four rod members are pushed or pulled by
predetermined strokes, the traveling plate is displaced
by the rod members. The main portion of the traveling
plate moves with a limited number of degrees of free-
dom,i.e.,four degrees of freedom. That is, the main por-
tion can be translated in all directions and rotated
around a predetermined axis. Therefore, if a position of
one end of each of the four rod members on the side of
the actuators is determined, a position of the other end
of each of the rod members an the side of the traveling
plate is also determined. Thus, the position and posture
of the traveling plate is determined uniquely.

[0014] Thatis, if strokes of the four actuators are de-
termined, the main partion of the traveling plate is posi-
tioned at one point in a three-dimensional space through
the four rod members. Also, the posture of the traveling
plate is determined by a predetermined rotational posi-
tion around a predetermined axis. In this process, only
a tensile or compressive axial force is applied to each
of the rod members. That is, these rod members are free
of moment as to torsional deformation.

[0015] Therefore, if itis ensured that there is no clear-
ance in kimenatic elements and the like forthe rod mem-
bers, the traveling plate is fixed to a predetermined po-
sition inthe three-dimensional space in a predetermined
posture with high rigidity as well as high precision. Fur-
ther, when the actuators are driven to displace the
traveling plate, only an axial force is applied to each of
the rod members. That is, the rod members have ex-
tremely high rigidity and are thus able to endure a great
inertia force. Thus, the traveling plate can be accelerat-
ed or decelerated at a high acceleration within the range
of driving forces of the actuators. As a result, itbecomes
possible to perform high-speed operation within the
range of driving speeds of the actuators.

[0016] Thus, the four-degree-of-freedom parallel ro-
bot in accordance with the first aspect of the present
invention has the effect of displacing the main pertion of
the traveling plate with four degrees of freedom at a high
speed and a high acceleration and positioning the main
portion with high rigidity and high precision. This effect
cannot be achieved by the aforementioned robot of the
related art Il.

[0017] Inaddition, the number of actuators can be re-
duced in comparison with the aforementioned six-de-
gree-of-freedom parallel robot. Therefore, the parallel
robot in accordance with the first aspect of the present
invention can be manufactured at a lower cost than the
six-degree-of-freedom parallel robot.

[0018] Accerding to a second aspect of the present
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invention, a four-degree-of-freedom parallel robot com-
prising a base, four actuator rods each of which is fixed
at one end to said base through a kinematic element
and which can be expanded or contracted to desired
length, a traveling plate whose four corners are coupled
to the other ends of said actuator rods through kinematic
elements, wherein at least part of said traveling plate
can be displaced with four degrees of freedom, which
are linear motions along three orthogonal axes and one
rotation around a predetermined axis.

[0019] The second aspect of the present invention
achieves substantially the same effect as of the afore-
mentioned first aspect. In addition, there is no actuator
fixed to the base, and the actuator rods which serve as
the actuators and the rod members of the first aspect
are adopted. Thus, the overall structure is simplified,
and a reduction in size and weight is made possible. For
a similar reason, it also becomes possible to further cut
down the cost.

[0020] Thus, in addition to the effect of the aforemen-
tioned first aspect, the second aspect of the present in-
vention achieves the effect of making further reductions
in size, weight and cost possible.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The foregeing and further objects, features
and advantages of the present invention willbecome ap-
parent from the following description of preferred em-
bodiments with reference to the accompanying draw-
ings, wherein:

Fig. 1 is a perspective view of the structure of a four-
degree-of-freedom parallel robot in accordance
with a first embediment of the present invention;
Fig. 2 is a schematic perspective view of the struc-
ture of a linkage mechanism in accordance with the
first embodiment of the present invention;

Fig. 3 is a plan view of mounting directions of rod
members in accordance with the first embodiment
of the present invention;

Fig. 4 is a flowchart of the essential part of a control
lagic in accordance with the first embodiment of the
present invention;

Fig. 5 is a block diagram of the structure of a control
device in accordance with the first embodiment of
the present invention;

Fig. 6 is a plan view of mounting directions of rod
members in accordance with a first madification ex-
ample of the first embodiment of the present inven-
tion;

Fig. 7 is a plan view of mounting directions of the
rod members in accordance with the first modifica-
tion example of the first embodiment of the present
invention;

Fig. 8 is a plan view of mounting directions of the
rod members in accordance with the first modifica-
tion example of the first embodiment of the present
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invention;

Fig. 9 is a plan view of mounting directions of the
rod member in accordance with the first modifica-
tion example of the first embodiment of the present
invention;

Fig. 10 is a schematic perspective view of the struc-
ture of a second maodification example of the first
embodiment of the present invention;

Fig. 11 is a schematic perspective view of the struc-
ture of a third modification example of the first em-
bodiment of the present invention;

Fig. 12 is a schematic perspective view of the struc-
ture of a fourth modification example of the first em-
bediment of the present invention;

Fig. 13 is a schematic perspective view of the struc-
ture of a fifth modification example of the first em-
bodiment of the present invention;

Fig. 14 is a perspective view of the structure of a
traveling plate in accordance of the sixth modifica-
tion example of the first embodiment of the present
invention,

Fig. 15 is a schematic perspective view of the struc-
ture of a linkage mechanism in accordance with a
second embodiment of the present invention.; and
Fig. 16 is a schematic perspective view of the struc-
ture of a linkage mechanism in accordance with a
third embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0022] Hereinafter, embodiments of a four-degree-of-
freedom parallel robot of the present invention will be
described clearly and sufficiently so that those skilled in
the art can implement the present invention.

1. Embodiment |
(Construction of Embodiment I}

[0023] As shown in Fig. 1, a four-degree-of-freedom
parallel robot in accordance with a first embodiment of
the present invention has a base 1, four actuators 2 and
rod members (parallel linkage 3), atraveling plate 4, and
an end effector 5.

[0024] The base 1 is made of a rigid metal plate which
is in the shape of an equilateral octagon as viewed in a
planview. The base 1 is disposed horizontally and fixed
on its upper surface to a frame (not shown). Brackets
21 of the four actuators 2 are respectively fixed to four
carners of a lower surface of the base 1 at predeter-
mined positions and predetermined angles.

[0025] Each of the four actuators 2 fixed to the base
1 is composed of the bracket 21, a rotational motor 22
fixed to the bracket 21, and an arm 23 which is fixed at
one end to a drive shaft rotationally driven by the rota-
tional motor 22 within a predetermined angular range.
The rotational motors 22 are servo-motors which are
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controlled independently by later-described control
means.

[0026] Each ofthe fourrod membersiscoupledatone
end to a tip end of the arm 23 serving as a movable por-
tion of the actuator 2 through a kinematic element such
as a universal joint 33. To be more specific, each of the
rod members is constructed of two long rods 31 which
are parallel to each other. The long rods 31, a pair of
short end members 32 which are parallel to each other,
and four universal joints 33 which rotatably couple the
rods 31 to the end members 32 constitute a parallel link-
age 3. End members 32 constituting opposite end por-
tions of each parallel linkage 3 are respectively coupled
to the actuator 2 and the traveling plate 4.

[0027] Thatis, each parallel linkage 3 is composed of
two rods 31, a pair of end members 32, and universal
joints 33 which rotatably couple the rods 31 and the end
members 32, and is always in the shape of a parallelo-
gram. One of the end members 32 of each parallel link-
age 3is coupledto atip end of the arm 23 of the actuator
2, and the other is coupled to an end of a coupling mem-
ber 42 of the traveling plate 4.

[0028] The end member 32 fixed to the tip end of the
arm 23 of the actuator 2 is fixed in parallel to a drive
shaft of the actuator 2. Thus, the drive shaft of each ac-
tuator 2 is kept parallel to the end members 32 at op-
posed ends of a corresponding one of the parallel link-
ages 3.

[0029] The traveling plate 4 is coupled at four corners
to the end members 32 at lower ends of the respective
parallel linkage 3 through universal joints 33. The
traveling plate 4 has a main member 41 whose lower
portionis fixed to the endeffector 5 and a pair of coupling
members 42 whose intermediate portions are relatively
rotatably coupled to opposite ends of the main member
41. The end portions of coupling members 42 are re-
spectively coupled to end members 32 of two respective
parallel linkages 3. That is, the traveling plate 4 is com-
posed of the main member 41, a pair of the coupling
members 42, and a pair of pivots 43 which connect the
intermediate portions of the coupling members 42 to the
opposite ends of the main member 41 suchthatthe main
member can rotate relative to each coupling member
around a vertical axis.

[0030] By suitably controlling the actuators 2, the
main member 41 of the traveling plate 4 is capable of
moving with four degrees of freedom. That is, the main
member 41 can be translated in all directions, i.e., lon-
gitudinally, laterally and vertically, and rotated around
the vertical axis. That is, as shown in Fig. 2, the arms
23 of the actuator 2, the parallel linkage 3, and the
traveling plate 4 constitute a linkage mechanism. There-
fore, as described above, the main member 41 of the
traveling plate 4 can change its position and posture with
four degrees of freedom. In Fig. 2, sixteen universal
joints 33 and a pair of pivots 43 are denoted by small
circles.

[0031] Fig. 3 shows a combinaticn of directions of the
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end members 32 of the parallelogram shaped linkages
3 which are coupled to the four corners of the traveling
plate 4. Four end members 32 of the parallel linkages 3
are fixed to one pair of end members 32 of the traveling
plate 4 in the following manner. That is, assuming the
direction of the right-frontend member 32 as a reference
direction, the end members 32 are sequentially rotated
clockwise by angles of 0°, 90°, 225° and 315°. Such a
cambination of mounting directions of the end members
32 is determined such that the traveling plate 4 is located
directly under the center of the base 1 and that the cou-
pling members 42 are perpendicular to the main mem-
ber41.

[0032] Such acombination of mounting angles of the
end members 32 is determined such that static indeter-
mination is prevented from being caused through gen-
eration of a singular point {(a stationary singular point
and a uncertain singular point) in motion of the linkages.
Besides, such a combination of mounting angles of the
end members 32 is determined such that the main mem-
ber 41 of the traveling plate 4 becomes sufficiently sta-
ble in position and pasture.

[0033] Referring againto Fig. 1, the end effector 5 is
fixed to the main member 41 of the traveling plate 4 and
protrudes downwards. The end effector 5 can be ex-
changed in accordance with use of the four-degree-of-
freedom parallel robot of the embodiment. A control sig-
nal and power are supplied to the end effector 5 through
a signal line (not shown) and a power line {not shown)
respectively. The signal line and the power line may be
suspended from the base while being suitably support-
ed thereby. Alternatively, the signal line and the power
line may be disposed along one of the arms 23 and one
of the parallel linkages 3.

[0034] The end effector 5 may be a handling device
for transferring works and supparting the works at pre-
determined positions or a main-spindle device of a ma-
chine tool for machining workpices.

[0035] As shownin Fig. 4, the control means is com-
posed of a control device 6 which is a digital computer
and a drive circuit 7 which is attached to the control de-
vice 6. The control device 6 is composed of a CPU 61,
a memory 62, interfaces 63, 64 and the like. The control
device 6 is connected to an /O device 65 and an exter-
nal memaory 66 through the interface 63. The 1/O device
65 is a man-machine interface composed of a key board
and a CRT display. The external memory 66 is a hard
disk. A control program for controlling the four-degree-
of-freedom parallel rabot of the embodiment according
to a predetermined sequence is stored in the external
memary 66. Thus, the four-degree-of-freedom parallel
robot of the embodiment can carry out various works
through replacement of the control program.

[0036] A coordinate-conversion program for calculat-
ing rotational angular positions to be assumed by the
rotational motors 22 based on command values far a
position and a posture to be assumed by the main mem-
ber 41 of the traveling plate 4 is stored in the memeory
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62 of the control device 6. The position and the posture
to be assumed by the main member 41 are designated
by the external memory 66.

[0037] As shownin Fig. 5, this coordinate-conversion
program is a program wherein an input command value
is read in a processing step S1, wherein coordinate con-
version is carried out in a processing step 82, and
wherein a command value after the coordinate conver-
sion is outputted in a processing step S3. These
processings are repeated until itis judged in a judgment
step S84 that the operation has been terminated.
[0038] The input command value (X, Y, Z, C}) is com-
posed of four values designative of longitudinal, lateral
and vertical positions (X, Y, Z) and a yawing posture C
to be assumed by the main member 41 of the traveling
plate 4. Onthe other hand, the command value afterthe
coordinate conversion, i.e., the output coordinate sys-
tem (P, Q, R, 8) is composed of rotational angular posi-
tions to be assumed by the four rotational motors 22 re-
spectively. During coordinate conversion in the process-
ing step S2, linear computation is carried out to soclve
guaternary simultaneous equations.

[0039] Referring again to Fig. 4, if command values
(P, Q. R, S) for the respective rotational motors 22 are
calculated, the command values are supplied to four
drive units 71 of the drive circuit 7 through the interface
64. Then, each of the drive units 71 smoothly drives a
corresponding one of the rotational motors 22 and sets
its rotational angular position as indicated by the com-
mand value.

[0040] Encoders for detecting rotational angular posi-
tions with a high resolution are attached to the rotational
motars 22, and a feedback loop is formed between the
drive units 71 and the rotational motors 22. Therefare,
rotational angular positions of the rotational motors 22
are controlled with sufficient precision.

{Operation and Effect of Embadiment [}

[0041] Because the four-degree-of-freedom parallel
robot of this embodiment is constructed as described
above, it can mainly achieve the following two opera-
tions and effects.

[0042] As for the first effect, the main member 41 of
the traveling plate 4 can be displaced with four degrees
of freedom at a high speed and a high acceleration, and
positioned with high rigidity as well as high precision.
[0043] That is, in the four-degree-of-freedom parallel
robot of this embodiment, the four actuators 22 are con-
trolled in an interconnected manner, so that the four par-
allel linkages 3 are pushed or pulled by their predeter-
mined strokes respectively. Then, the traveling plate 4
is displaced by the parallel linkages 3, whereby posi-
tions and postures of the main member 41 of the
traveling plate 4 and a pair of the coupling members 42
are determined.

[0044] The main member 41 of the traveling plate 4
has a limited number of degrees of freedom, i.e., four
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degrees of freedom. That is, the main member 41 can
be translated in all the directions and rotated around a
predetermined axis. Thus, in the four parallel linkages
3, if positions of the end members 32 on the side of the
actuator 2 are determined, positions of the end mem-
bers 32 on the side of the traveling plate 4 are also de-
termined uniquely. As a result, positions and postures
to be assumed by the main member 41 of the traveling
plate 4 and a pair of the coupling members 42 are de-
termined uniquely.

[0045] In other words, if strokes of the four actuators
2 are determined, the position of the main member 41
of the traveling plate 4 is determined through the four
parallel linkages 3 at a point in a three-dimensional
space. Besides, the posture of the main member 41 of
the traveling plate 4 is also determined at a predeter-
mined rotational position aroundthe vertical axis. In this
case, only a tensile or compressive axial force is applied
to the rods 31 of the parallel linkages 3. The rods 31 are
free of moment as to torsional deformation.

[0046] Therefare, it is preferable that the actuator 2
operate with sufficient precision, that the universal joints
33 at opposite ends of the rods 32 be substantially free
from clearance, and that the arm 23, the parallel linkag-
es 3 and the traveling plate 4 be sufficiently rigid. If these
conditions are satisfied, the main member 41 of the
traveling plate 4 is fixed to the designated position in the
designated posture in the three-dimensional space with
high rigidity as well as high precision.

[0047] Further, when the traveling plate 4 is displaced
by moving the respective actuators 2, the reds 31 of the
parallel linkages 3 have extremely high rigidity because
only an axial force is applied thereto. Thus, the parallel
linkages 3 are able to endure a great inertia force.
Therefore, the traveling plate 4 can be accelerated and
decelerated at a high acceleration within the range of
driving forces of the actuators 2. As a result, it is also
possible to perform high-speed operations within the
range of the driving speeds of the actuators 2.

[0048] Thus, the four-degree-of-freedom parallel ro-
bot of this embodiment has the effect of displacing the
main member 41 of the traveling plate 4 with four de-
grees of freedom at a high speed and a high accelera-
tion, and positioning the main member 41 with high ri-
gidity as well as high precision. This effect cannot be
achieved by the aforementioned related art |1

[0049] Besides, in the four-degree-of-freedom paral-
lel robot of this embodiment, the number of actuators 2
can be reduced in comparison with the aforementioned
six-degree-of-freedom parallel robot. Thus, the four-de-
gree-of-freedom parallel robat of this embodiment also
has the effect of being manufactured at a lower cost in
comparison with the six-degree-of-freedom parallel ro-
bot.

[0050] As forthe second effect, structural design and
the manufacture of software can be carried out more
easily. Thus, in addition to the aferementioned reduction
in number of actuators 2, the cost can further be re-
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duced.

[0051] That is, in the four-degree-of-freedom parallel
robot of this embodiment, all the four rod members 3 are
designed as the parallel linkages 3 each of which has
two parallel rods 31. The parallel linkages 3 are of the
same standard. As a result, the four parallel linkages 3
can be manufactured according to the same standard.
This makes it possible to reduce the number of different
parts, carry out structural design and the manufacture
of software easily, and cut down the cost. This effect of
cutting down the cost is remarkable especially in the
case of small-scale production.

[0052] In this embodiment, as described above, the
end members 32 of the parallel linkages 3 are fixed to
the coupling members 42 of the traveling plate 4 at pre-
determined angles. That is, the end members 32 of the
parallel linkages 3 and the drive shafts of the actuators
2 are mounted to the four corners of the traveling plate
4 with angular differences of integral multiples of 45°.
Furthermore, two pairs of the end members 32 are
mounted with an angular difference of 90°.

[0053] Thus, predetermined coordinate conversion is
performed based on a target position and a target pos-
ture to be assumed by the main member 41 of the
traveling plate 4 inthe three-dimensional space, and the
processing algorithm for calculating target strokes of the
four actuators 2 is simplified. As a result, it becomes
easy to develop a control program for the control device
6 for controlling the four actuators 2. Further, since the
processing algorithm for coordinate conversion is sim-
plified as described above, the control processing pro-
ceeds smoothly for the processing performance of the
control device 6. Thus, it becomes possible to smoothly
displace the traveling plate 4 to its target position.
[0054] Thus, the four-degree-of-freedom parallel ro-
bot of this embodiment has the effect of facilitating struc-
tural design and the manufacture of control software and
cutting down the cost. |n addition, even though the con-
trol device 6 is inexpensive, relatively smooth operation
is accomplished.

{(Modification Example | of Embediment [}

[0055] As a modification example | of this embodi-
ment, it is possible to realize a four-degree-of-freedom
parallel robot which is different from the embodiment |
in combination of mounting angles of the actuators 2 and
the parallel linkages 3 to the base 1 and the traveling
plate 4.

[0056] In this modification example, directions of the
parallel linkages 3 coupled to the four corners of the
traveling plate 4 can be combined as will be described
below. That is, assuming a predetermined direction as
a reference direction around the vertical axis which is
an axis of rotational mation, the following combinations
are possible in one rotational direction. In this case, the
mounting angles of the parallel linkages 3 are mounting
angles of the end members 32 at lower ends of the four
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parallel linkages 3 with respect to the traveling plate 4.
It is recommended to refer to these mounting angles in
conjunction with Fig. 3.

[0057] Thatis, mounting angles of the parallel linkag-
es 3 in this modification example are determined ac-
carding to one of the following four combinations. Any
one of these combinations are possible.

a combination of 0°, 180°, 225° and 3157 (see Fig.
S)combination of457,180°, 180° and 315° (see Fig.
Z)combination of 0°, 135°, 180° and 315 (see Fig.
z)combination of 0°,90°,180° and 270° (see Fig. 9)

[0058] Among these combinations, the combination
shown inFig. 9 is recommendable because the process-
ing algorithm for coordinate conversion is simplified. As
a matter of course, it is possible to adopt mounting an-
gles according to a combination other than the afore-
mentioned combinations unless generation of a singular
point causes static indetermination or a surplus degree
of freedom.

[0059] In the embodiment | and the medification ex-
ample I, the joints of the parallel linkages 3 are all con-
structed of the universal joints 33. However, it is also
possible to implement a modification example wherein
some or all of the universal joints 33 are replaced by ball
joints as the kinematic elements.

(Modification Example Il of Embodiment 1)

[0060] As a modification example |l of this embodi-
ment, as shown in Fig. 10, it is possible to realize a four-
degree-of-freedom parallel robot which has four linear
motors 2' as actuators in place of the four rotational mo-
tors 22 of the embodiment |. The linear motors 2' serving
as actuators are secured to two bases (not shown).
Rails of the linear motars 2' are secured at upper end
portions to one of the bases, and at lower end portions
to the other base.

[0061] Each of the linear motors 2' is composed of a
vertically extending long rail which is alternately mag-
netized and a slider which moves along the rail and into
which an electromagnetic coil is built. The end member
32 at the upper end of the parallel linkage 3 is fixed to
each slider at a predetermined angle. The rails of the
four linear motors 2' extend vertically and are disposed
in parallel with one another.

[0062] Therefore, due to the operation of the linear
motors 2', the end members 32 at the upper ends of the
parallel linkages 3 are vertically displaced while being
maintained at predetermined mounting angles. By suit-
ably controlling amounts of displacement, it becomes
possible to move the traveling plate 4 at a high speed
with four degrees of freedom as is the case with the em-
bodiment | and securely position the traveling plate 4.
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Thus, it is possible to achieve substantially the same ef-
fect as in the embodiment |.

[0063] In addition, the rails of the linear motors 2' are
long and parallel to one another, and extend vertically.
Thus, the traveling plate 4 can be displaced along the
rails of the linear motors 2' as long as they exist. As a
result, this modification example achieves the effect of
significantly extending a moving range of the traveling
plate 4 in the vertical direction.

[0064] Further, in this modification example, the end
members 32 at the upper ends of the parallel linkages
3 remain at the same positions in the horizontal direc-
tion. Thus, the linkage mechanism of this modification
example is simplerthan that of the embodiment |. There-
fore, the processing algorithm of coordinate conversion
for calculating target positions of the linear motors 2'
from a target position of the traveling plate 4 is further
simplified. Thus, it is also possible to achieve the effect
of reducing the calculating load of the control device 6.
[0065] Thus, this modification example not only
achieves substantially the same effect as in the embod-
iment | but also achieves the effect of significantly ex-
tending the moving range of the traveling plate 4 in the
vertical direction and reducing the calculating load of the
control device 6.

{(Modification Example Il of Embodiment 1)

[0066] As a modification example Il of this embodi-
ment, as shownin Fig. 11, it is possible to realize a four-
degree-of-freedom parallel robot which has two linear
motors 2' as actuators in place of the four rotational mo-
tors 22 of the embodiment |. Unlike the aforementioned
medification example |l, this modification example em-
ploys two linear motors 2' whose rails are disposed hor-
izontally in parallel with one ancther. Although not
shown, two bases are provided to secure the linear mo-
tars 2' serving as actuators. Rails of the linear motors 2°
are secured at both ends to the bases.

[0067] Each of the linear motors 2' is composed of a
harizantally extending long rail which is alternately mag-
netized and a pair of sliders which move along the rail
and into which electromagnetic coils are built. The end
members 32 at upper ends of the parallel linkages 3 are
fixed to the sliders at predetermined angles. The two
rails of the linear motors 2' extend horizontally and are
disposed in parallel with each other.

[0068] Therefore, due to the operation of the linear
motors 2', the end members 32 at the upper ends of the
parallel linkages 3 are horizontally displaced while being
maintained at predetermined mounting angles. By suit-
ably controlling amounts of displacement, it becomes
possible to move the traveling plate 4 at a high speed
with four degrees of freedom as is the case with the em-
bodiment | and securely position the traveling plate 4.
Thus, it is possible to achieve substantially the same ef-
fect as in the embodiment |.

[0069] In addition, the rails of the linear motors 2' are
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long and parallel to one another, and extend horizontal-
ly. Thus, the traveling plate 4 can be displaced along the
rails of the linear motors 2' according to the length there-
of. As a result, this modification example achieves the
effect of significantly extending a moving range of the
traveling plate 4 in the harizontal direction.

[0070] Further, in this madification example, the end
members 32 at the upper ends of the parallel linkages
3 remain at the same positions in the vertical direction.
Thus, the linkage mechanism of this modification exam-
ple is simpler than that of the embodiment |. Therefore,
as is the case with the aforementioned medification ex-
ample |l, the processing algorithm of coordinate conver-
sion for calculating target positions of the linear motors
2' from a target position of the traveling plate 4 is further
simplified. Thus, it is also possible to achieve the effect
of reducing the calculating load of the cantrol device 6.
[0071] Thus, this modification example not anly
achieves substantially the same effect as in the embod-
iment | but also achieves the effect of significantly ex-
tending the moving range of the traveling plate 4 in the
horizontal direction and reducing the calculating load of
the control device 6.

(Modification Example IV of Embodiment [}

[0072] As a medification example |V of this embodi-
ment, as shown in Fig. 12, it is possible to realize a four-
degree-of-freedom parallel robot which has ball screw
devices 2" as actuators in place of the rotational motors
22. The ball screw devices 2" are disclosed as "slide
tables" in United States Patent No. 5,715,729. Itis thus
recommended to refer to this publication in case of ne-
cessity.

[0073] Inthis medification example, the ball screw de-
vices 2", which protrude upwardly and cutwardly at pre-
determined angles from The four corners of a generally
square base 1', are fixed to the base 1'. The end mem-
bers 32 at the upper ends of the parallel linkages 3 are
fixed to nuts of the ball screw devices 2" at predster-
mined angles. Therefore, by suitably displacing the end
members 32 of the parallel linkages 3 by means of the
ball screw devices 2", it becomes possible to displace
the traveling plate 4 with four degrees of freedom as is
the case with the embodiment |. In addition, the ball
screw devices 2" can be positioned with extremely high
precision, have a greatdriving force, and are sufficiently
rigid and almost free from clearance. Thus, the traveling
plate 4 can be positioned with higher precision and high-
er rigidity.

[0074] Thus, the four-degree-of-freedom parallel ro-
bot of this modification example not only achieves sub-
stantially the same effect as in the emboediment | but also
achieves the effect of positioning the traveling plate 4
with higher precision and higher rigidity.
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{Modification Example V of Embodiment I}

[0075] As the modification example V of this embod-
iment, as shown in Fig. 13, it is possible to realize afour-
degree-of-freedom parallel rabot which has at least one
unique red 3' in place of one of the parallel linkages 3.
Then the unigue rod 3' is coupled at one end to the end
of the arm 23 and at the other end to the corner of the
traveling plate 4 through universal joints 33. Since uni-
versal joints instead of ball joints are coupled at both
ends of the unique rod 3', it becomes possible to move
the main member 41 of the traveling plate 4 within four
degrees of freedom as in embodiment I. Thus, it is pos-
sible to achieve substantially the same effect as in the
embodiment |.

{Madification Example VI of Embodiment )

[0076] As a modification example VI of this embodi-
ment, it is possible to realize a four-degree-of-freedom
parallel robotwhich has another structure traveling plate
4'in place of the traveling plate 4. In Fig. 14, the traveling
plate 4' has a main member 41, a pair of coupling mem-
bers 42 whose intermediate portion are relatively rotat-
ably coupled at oppesite ends of main member 41, and
a pair of pivots 43 which connect the intermediate por-
tion of the coupling member 42 to the opposite ends of
the main member 41 such that the main member can
rotate relative to each coupling members around a ver-
tical axis. The end effector &' is attached to the interme-
diate portion of the main member 41. In the aforemen-
tioned embodiment | the end effector 5 is fixed to the
main member 41, but in this modification example the
end effector &' is rotatably attached to the main member
41. And a first gear 51 is fixed to an upper end of the
end effector 5', which is extended through the main
member 41 . A semi-circular-shape second gear 44 en-
gages the first gear 51 and is fixed to the side surface
of one of the coupling members 42.

[0077] In this modification example, when the main
member 41 of the traveling plate 4 ' is moved with four
degrees of freedoms by suitably controlling the actua-
tors 2, the main member 41 rotates relative to the cou-
pling member 42. Then, as the first gear 51 fixed to the
end effector 5' engages the second gear 44 fixed to the
coupling member 42, the end effector ' is rotated rela-
tive ta the main member 41. Hereby, the rotational range
of the end effector &' is extended widely in comparison
with the traveling plate 4 of the embodiment |.

[0078] Thus, the four-degree-of-freedom parallel ro-
bot of this madification example not only achieves sub-
stantially the same effect as in the embodiment | but also
achieves the effect of rotating the end effector 5', within
a wider rotational range. This modification example is
suited to be used as a material-handling robaot, since the
material-handling rabot is often required to turn a mate-
rial by 180°.
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2. Embodiment Il
(Construction of Embodiment 11}

[0079] As shownin Fig. 15, a four-degree-of-freedom
parallel robot in accordance with embodiment |l of the
present invention has a construction wherein two of the
four parallel linkages 3 of embodiment | are replaced by
unigue rods 3". The unigque rods 3" are coupled at the
extremities of two of the arms 23 of the actuators 2 and
to two corners of atraveling plate 4". Unlike the traveling
plate 4 of the embodiment |, the traveling plate 4" does
not have the pivots 43 and is constructed of an integral
member. Tofacilitate comparison with the traveling plate
4 of the aforementioned embodiment |, Fig. 15 shows
the traveling plate 4" in the shape of H. However, the
traveling plate 4" is actually constructed of a generally
rectangular and highly rigid plate.

[0080] Thatis, inthe four-degree-of-freedom parallel
robot of this embodiment, two of the rod members are
the parallel linkages 3 each of which has two parallel
rods 31, as in the case of the embodiment |. The end
members 32 at both ends of each of the parallel linkages
3 are fixed to the actuator 2 and the traveling plate 4"
respectively. The end members 32 are coupled to the
rods 31 through the universal joints 33.

[0081] Cnthe other hand, each of the other two of the
rod members is designed as a unique rod 3", unlike the
case of embodiment|. Ball joints 34 are provided at both
ends of each rod 3". That is. each of the rods 3" is cou-
pled at both ends to the extremity of the arm 23 of the
actuator 2 and the corner portion of the traveling plate
4" through the ball joints 34. Therefore, the rods 3" are
free of moment as to torsional deformation. That is, only
at least one of a tensile axial force and a compressive
axial force is applied to the rods 3". Hence, the rods 3"
have sufficiently high rigidity for an axial force.

(Operation and Effect of Embodiment I1)

[0082] Inthe four-degree-of-freedom parallel robot of
this embodiment, two of the four rod members constitute
the aforementioned parallel linkages 3, and the other
two are the rads 3" which are free of moment and capa-
ble of torsional displacement because of the ball joints
34. In cther words, the other two (the rods 3") of the
four rod members have a degree of freedom as to tor-
sional maovement.

[0083] Thus, unlike the case with the aforementioned
embodiment |, even though the traveling plate 4" is a
rigid integral member, the linkage mechanism formed of
the four rod members and the traveling plate 4" is not
statically indeterminate. If positions of the base end por-
tions of the four rod members are determined, positions
of the end portions of the rod members are also deter-
mined uniquely in the three-dimensional space. Hence,
the position and posture of the traveling plate 4" are also
determined uniquely.
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[0084] As a result, the traveling plate 4" can be con-
structed of an integral member, and two of the four rod
members are simple rods. Thus, the number of pars
can be reduced in comparison with the aforementioned
embodiment |. Therefare, the four-degree-of-freedom
parallel robot of this embodiment makes it possible to
significantly improve reliability and further cut down the
cost especially in the case of mass production.

[0085] The number of parts required by the four-de-
gree-of-freedom parallel robot of this embodiment is
small. Thus, in addition to the effect of the aforemen-
tioned embodiment |, the four-degree-of-freedom paral-
lel robot of this embodiment achieves not anly the effect
of significantly improving reliability but also the effect of
further cutting down the cost in the case of mass pro-
duction.

{Respective Modification Examples of Embodiment Il)

[0086] The four-degree-of-freedom parallel robot of
this embodiment can also be realized in accordance
with modification examples substantially identical to
those of the embediment |. Each of these modification
examples makes it possible to achieve its distinctive ef-
fect. But, in the embodiment Il since the traveling plate
4" does not have the pivots 43 and is constructed of an
integral member, the modification example VI of the em-
bodiment | is not able to be applied.

3. Embediment Il
{Construction of Embodiment II1)

[0087] As shown infig. 16, a four-degree-of-freedom
parallel robot in accordance with embodiment |l of the
present invention has a base 1, four actuator rod 3™
which are connected at one end to the base 1 through
universal joints 33 and which can be expanded or con-
tracted to a desire length, and traveling plate whose four
corners are coupled to the actuator rods 3" at the other
end through universal joints 33.

[0088] As far as the construction of the traveling plate
4 is concerned, the four-degree-of-freedom parallel ro-
bot of this embodiment is identical to that of the embod-
iment |. However, the four-degree-of-freedom parallel
robot of this embodiment is different from that of the em-
bodiment | in that parallel linkages having rods 31
formed of air cylinders are disposed in place of the ac-
tuators 2 and the parallel linkages 3 fixed to the base 1
of the embodiment |

[0089] Thatis,the four-degree-of-freedom parallel ro-
bot employs four parallel linkages as actuator rods.
Each of the parallel linkages has a pair of air cylinders
31" which extend in parallel with each other. Each air
cylinder 31' is rotatably connected at its upper end por-
tion to a predetermined position on a lower surface of
the base through a universal joint 33. On the other hand,
as is the case with the rods 31 of the parallel linkages 3
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of the embodiment |, each air cylinder 31' is rotatably
coupled at its lower end portion to an end of the end
member 32, which is fixed to an end of the coupling
member 42 of the traveling plate 4 through the universal
joint 33 at a predetermined angle.

[0090] The control device 6 (see Fig. 4) synchronous-
ly controls both the air cylinders 31" in each of the par-
allel linkages such that both the aircylinders 31' are kept
equal in stroke. Each air cylinder 31" is provided with a
linear potentiometer (not shown) for detecting a stroke
thereof.

[0091] Therefore, as in the case with the traveling
plate 4 of the embodiment |, the main member 41 of the
traveling plate 4 canbe displaced within four degrees of
freedom. That is, the member 41 can be translated in
all the directions and rotated around the vertical axis.

(Operation and Effect of Embodiment [11)

[0092] As described above, the four-degree-of-free-
dom parallel robot of this embodiment achieves sub-
stantially the same operation and effect as in the em-
bodiment |. However, the positioning precision of the
traveling plate 4 depends largely on the precision of the
linear potenticmeters attached to the air cylinders 31"
Further, although implementation of feedback control
can compensate for insufficient rigidity to some extent,
use of the air cylinders 31" inevitably imposes a limit on
rigidity.

[0093] Nevertheless, in this embodiment, there is no
actuator fixed to the base, and the air cylinders 31' serv-
ing as the actuators 2 and the parallel linkages 3 of the
embodiment | are employed. Hence, it is possible to sim-
plify the overall structure and achieve a substantial re-
duction in size and weight. Further, since the air cylin-
ders 31" are inexpensive actuators capable of operating
at a high speed, it is possible to increase the operational
speed of the traveling plate 4 and further cut down the
cost.

[0094] Thus, the four-degree-of-freedom parallel ro-
bot of this embodiment achieves the effect of significant-
ly reducing the size, weight and cost while displacing
the traveling plate 4 with four degrees of freedom at a
high speed.

(Modification Example | of Embadiment 1}

[0095] As a modification example | of this embodi-
ment, it is possible to realize a four-degree-of-freedom
parallel robot wherein each actuator rod is composed of
a hydraulic cylinder and a parallel linkage 3.

[0096] Inthis modification example, each actuator rod
is composed of a hydraulic cylinder which is rotatably
fixed at its base end to the base through a universal joint
33 and of aparallel linkage 3 having one of its end mem-
bers 32 fixed to the extremity of a piston of the hydraulic
cylinder.

[0097] Inthis modificationexample, the traveling plate
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4 can be positioned and displaced within four degrees
of freedom by merely using four hydraulic cylinders as
actuators. Besides, the actuators have high rigidity.
Thus, this medification example makes it possible to
achieve substantially the same operation and effect as
in the embediment |.

{(Modification Example |l of Embodiment IIl)

[0098] As a modification example Il of this embodi-
ment, it is possible to realize a four-degree-of-freedom
parallel robot wherein mounting angles of the end mem-
bers 32 of the parallel linkages 3 have been changed or
wherein the universal joints 33 have been replaced by
ball joints 34.

[0099] Thatis,the four-degree-of-freedom parallel ro-
bots of this embodiment and its modification example |
can also be realized in accordance with modification ex-
amples corresponding to the embodiment | and its mod-
ification example |. Each of these modification examples
makes it possible to achieve substantially the same op-
eration and effect.

[0100] While the present invention has been de-
scribed with reference to what are presently considered
to be preferred embodiments thereof, it is to be under-
stood that the present invention is not limited to the dis-
closed embodiments or constructions. On the contrary,
the present invention is intended to cover various mod-
ifications and equivalent arrangements. In addition,
whilethe various elements of the disclosed invention are
shown in various combinations and configurations
which are exemplary, other combinations and configu-
rations, including more, less or only a single embodi-
ment, are also within the spirit and scope of the present
invention.

Claims

1. A four-degree-of-freedom parallel robot character-
ized in that it comprises :

a base (1);

four actuators (2) fixed to said base;

four roed members (3, 3', 3", 3") each of which
is coupled at one end (32) to a movable portion
(23) of said actuators (2) through a kinematic
element (33); and

atravelingplate {(4) whose four corners are cou-
pledto the other ends (32) of said rod members
through kinematic elements (33),

and in that at least part of said traveling plate
(4) can be displaced within four degrees of freedom
which are defined by linear motions along three or-
thogonal axes and one rotation around a predeter-
mined axis.
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The four-degree-of-freedom parallel robot accord-
ing to claim 1, wherein:

said traveling plate (4) has a main member
(41) serving as said part that can be displaced with-
in four degrees of freedom and a pair of coupling
members (42), said coupling members (42) being
respectively rotatably coupled to said main member
{41), and the extremities of said coupling members
{42) being respectively coupled to said rod mem-
bers (32).

The four-degree-of-freedom parallel robot accord-
ing to claim 2, wherein:

each said rod members comprises two parallel
rods constituting a parallel linkage (3}; and

if 2 predetermined direction around the axis of
said rotational movement is defined as a refer-
ence direction, directions of said rod members
(32) coupled to four corners of said traveling
plate (4) are determined as one of the following
combinations in one rotational direction:

a combination of 0°, 90°, 225° and 315°;
a combination of 0°, 180°, 225° and 315°
a combination of 45°,180°, 180° and 315°;
a combination of 0°, 135°, 180° and 315°;
a combination of 0°, 90°, 180° and 270°.

4. The four-degree-of-freedom parallel rebot accord-

ing to claim 2 or 3, further comprising:

an end effector (5) attached to said main mem-
ber {41) rotatably around said predetermined
axis;

a first gear (51) fixed to said end effector (5)
and rotated with said end effector (5); and

a second gear (44) fixed to a coupling member
(42) and engaged with said first gear (51);
wherein:

said end effector (5) is rotated around said pre-
determined axis relative to said main member
{41) by rotation of said main member relative to
said coupling member (42).

The four-degree-of-freedom parallel robot accord-
ing to claim 1 or 2, wherein:

each of two of the rod members comprises two
parallel rods {31) constituting a parallel linkage
(3); and

each of the othertwo of the red members is con-
structed of one rod (3").

The four-degree-of-freedom parallel robot accord-
ing to any one of claims 1 to 5, wherein:
said kinematic element (33) is at least cne of
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a universal joint and a ball joint.

7. A four-degree-of-freedom parallel robot character-

ized inthat it comprises:

a base (1);

four actuator rods (3"') each of which is fixed at
one end to said base (1) through a kinematic
element (33) and which can be expanded or
contracted to desired length;

atravelingplate {(4) whose fourcorners are cou-
pled to the other ends said actuator rods (3"
through kinematic elements (33),

and inthat at least part of said traveling plate
(4) can be displaced with four degrees of freedom,
which are linear motions along three arthogonal ax-
es and one rotation around a predstermined axis.

The four-degree-of-freedom parallel robot accord-
ing to claim 7, wherein:

said kinematic element (33) is at least one of
a universal joint and a ball joint.
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