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Abstract—A two-degrees-of-freedom spherical parallel link
mechanism (2-DOF SPM) was designed to ensure that it only has
rotational degrees of freedom in two directions around a fixed
center. In general, 2-DOF SPM includes passive rotating pairs,
and at least two actuators are needed to change the end-effector
posture. The arrangement of the links and pairs determines the
characteristics and performance of SPM, so 2-DOF SPMs were
designed considering various requirements, such as output torque,
accuracy, and space constraints for applications. To satisfy these
requirements, arc prismatic pairs can be used in SPMs. In order
to use in SPMs, as for arc prismatic pairs, the concrete config-
uration and design methods for arc prismatic pairs have been
studied. Furthermore, in order to compensate for the influence
of friction on the positioning error, the control model considering
the friction has been proposed by constructing a feedback loop
containing experimentally found parameters. However, the con-
ventional model is not a mechanical model of friction. Therefore, it
is not suitable for calculating the friction force and understanding
how the limit of the workspace changes due to the influence of
friction. In this study, we construct a mechanical friction model
considering the intersection angle change between the input and the
rail slide direction. In addition, using the friction model, we clarify
the influences of friction on the workspace and driving the SPM
to realize high-performance 2-DOF SPM. First, we theoretically
clarified the influence of friction on the workspace by considering
the case of a slider-type differential-drive 2-DOF SPM. Second, the
driving torque was experimentally measured, and the influence of
friction on driving was examined.

Index Terms—Mechanism design, actuation and joint mecha-
nisms, parallel robots.
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1. INTRODUCTION

HE two-degrees-of-freedom spherical parallel link mech-
T anism (2-DOF SPM) is designed to limit the degree of
freedom of the end-effector to only two-directional motion
around a fixed center [1]. It is suitable for applications that need
to change the end-effector posture while always aimed at the
control target at the fixed center [2], [3], such as tracking [4],
[5], wrist or ankle joints of humanoid robots [6]-[9], surgical
robots [10], and stabilization platforms [11]-[13].

2-DOF SPM has the advantages below compared with 2-
DOF spherical serial link mechanism because 2-DOF SPM
is one of the parallel link mechanisms; 1) the drive torque
can be distributed to multiple actuators and the torque re-
quired for each actuator can be reduced, 2) the mechanism
can be highly accurate because errors due to link deformation
are averaged without accumulation owing to the closed-loop
link structure, 3) it is easy to modularize the components
and make the structure symmetric, thus simplifying the place-
ment of the center of gravity at the center of the mechanism
[14], [15].

One of the important aspects of the 2-DOF SPM is the range
of motion. In general, 2-DOF spherical serial mechanism [16]
tend to have a wide workspace, but 2-DOF SPM have the
disadvantage of a small workspace and singular postures with an
indefinite mechanical shape. In 2-DOF SPM, the workspace is
closely related to but singularity also component collision. The
components in the parallel link mechanism cause more collision
owing to the closed-loop link structure [17].

Therefore, analytical and mechanical approaches have been
studied to expand the workspace [18]-[21]. As an example of
a mechanical approach, a curved biaxial swing mechanism has
been proposed, in which two input rotary shafts are arranged
coaxially and a differential drive is used to eliminate component
collision in one direction [22]. Consequently, a 360° infinite
rotation was realized without component interference in the roll
direction.

In addition to the workspace, 2-DOF SPMs are designed
by considering various requirements for applications, such as
output torque, accuracy, and space constraints. To satisfy these
requirements and clear the constraints, arc prismatic pairs (arc
sliders) can used [10], [22]. Furthermore, arc prismatic pairs are
also used in 3-DOF SPM [23]. These have studied the concrete
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Fig. 1.  Physical prototype embodying a 2-DOF SPM with arc prismatic pairs
driven by a differential drive.

configuration and design methods for arc prismatic pairs used
in SPMs.

In these arc prismatic pairs, Kang et al. constructed a feedback
loop containing experimentally found parameters and proposed
the control model considering the friction in order to compensate
for the influence of friction on the positioning error [24].

However, the model is not a mechanical model of friction.
Therefore, it is not suitable for calculating the friction force and
understanding how the limit of the workspace changes due to
the influence of friction.

In this study, we construct a mechanical friction model con-
sidering the intersection angle change between the input and
the rail slide direction. In addition, using the friction model, we
clarify the influences of friction on the workspace and driving
the SPM to realize high-performance 2-DOF SPM.

In Section II, we first introduced the slider-type differential
-drive 2-DOF SPM to confirm the workspace of the SPM without
considering the influence of friction. In Section I11, friction resis-
tance of the arc prismatic pair is considered and the influence of
friction on the workspace is clarified. In Section IV, the torque
transmission ratio of the SPM is calculated to understand the
input-output characteristics during pitch motion of the SPM.
In Section V, we considered the specific configuration design
of the arc prismatic pair and fabricated a metal prototype of
a 2-DOF SPM with arc prismatic pairs driven by a differential
drive, as shown in Fig. 1. In Section VI, the actual driving torque
was measured experimentally using a metal prototype. Finally,
Section VII concludes the study and presents the scope for future
research.

II. SLIDER-TYPE DIFFERENTIAL DRIVE 2-DOF SPM

The curved biaxial swing mechanism developed by the au-
thors is a slider-type 2-DOF SPM that enables the output pitch
motion by a differential drive around the Y-axis, as shown in
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Fig. 2. Link and pair arrangement in the proposed “curved biaxial swing
biaxial mechanism”. In the input blocks A and B, lower arc prismatic pairs
are active rotating pairs. The other upper arc prismatic pairs and middle rotating
pairs are passive rotating pairs.

Fig. 2. The SPM refers to the slider-type 2-DOF planar parallel
link mechanism [25] based on prismatic pairs and a differential
drive.

The SPM is devised by replacing the translational output
motions in the planar mechanism with rotational output motions.
Although the type of output motion is changed, the risk of
component interference remains low because the input axes of
the differential mechanism are arranged in parallel and coaxi-
ally without crossing each other. Consequently, no interference
occurs in the input blocks during rolling.

A. Link and Joint Arrangement

The proposed mechanism consists of eight rotational pairs,
including arc prismatic pairs, and three kinematic chains (RR-
RRR-RRR). The end-effector comprises three arc rails that are
crossed and connected at equal intervals.

As the result, the RR chain is always located in the center
of the two RRR chains, that is, the proposed mechanism is
symmetry. In addition, All the mounts and the end effector rotate
on spherical surfaces centered on the origin O.

B. Motion

When the input blocks A and B are rotated in the same
direction and speed, a roll rotation output around the X-axis
is obtained. However, when input blocks A and B are rotated in
the opposite direction at the same speed, the respective rails of
the end-effector slide out and the pitch rotation output around
the Y-axis is obtained.

C. Workspace

The workspace of the mechanism has already been clarified
based on the geometrical relationships of the mounts’ position
and the end effector [22], as shown in (1) by considering the
geometrical conditions of the shape and position of each part,
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Fig.3. Range of motion of the end-effector in the XYZ coordinate system. The
light blue area is the workspace that the rail intersection point of the end-effector
can reach.

as shown in Fig. 3. In (1), 6, and 0, represent the roll and pitch
rotation angle of the end effector.

_ pite
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2

Further, the end effector’s posture can be described using the
X-Y-Z Euler angles, similar to when describing the attitude
of the two-joint serial link robot [26]. This is because the end
effector in this mechanism rotates -6, around the X-axis and then
0, around the Y’-axis on the rotated X’Y’Z’ axis, as shown in
Fig. 3. The posture in this condition can be described as in (2),
using 6, and 0.

ARxnz = Rx (—0,) Ry (6,) Rz (0)

cos 0, 0 sind,,
= | —sinfsind, cosé, sinf.cosb, | . (2)
— cos 0,sinf, —sin, cos 0, cos b,

III. FRICTIONAL RESISTANCE

The geometric workspace is described in Section II-C. How-
ever, the frictional resistance at the arc prismatic pair influences
the workspace, particularly in the pitch direction.

Therefore, in Section III, the movable range in the pitch
direction is derived for the case in which frictional resistance
exists at the arc prismatic pairs.

A. Rail Sliding Condition

When defining the friction coefficient at the arc prismatic pair
as 1 and the angle between the input direction and rail slide
direction as /3 as shown in Fig. 4, the condition under which
the rail starts to slide is described by (3). Furthermore, (3) is
arranged into (4) considering the balance of force.

F;, cos B > uN. (3)
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Fig. 4. Rail sliding condition for the arc prismatic pair in the input block B
(p: Friction coefficient, 3: Pressure angle). .
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Both friction coefficient x and angle § are important factors
for the sliding of the arc prismatic pair.

B. Pressure Angle

In this study, the angle [ is the called pressure angle. The
pressure angle changed during pitching because the proposed
mechanism was based on a differential drive.

By applying spherical trigonometry, the pressure angle is
described as (5) corresponding to the input block positions

and o.
[ = sin (cos % . 5)

The pressure angle 3 depends on the rail intersection angle «
and the pitch angle 0, because it is certain from (1) that -2
is a term that determines 6,,.

C. Pitch Movable Limit

The movable limit in the pitch direction can be calculated
based on the rail-sliding condition. The end-effect pitch posture
becomes the movable limit when the pressure angle 5 reaches
maximum, that is, when (6) is satisfied.

1 —
tanf3

L. (6)

Using (5) and (6), (1) can be transformed into an equation
without -2 and 3, and the pitch movable limit 6 ymax iS
described as (7).

1 p2+1

—a |- )

Op max = sin™
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Fig. 5. Maximum pitch output rotation angle considering the frictional
resistance.

Thereafter, the limit depends on the rail intersection angle and
friction coefficient. The limit was determined as shown in Fig. 5.

The smaller the friction coefficient is, the closer the pitch
movable limit is to 90°. Therefore, it is desirable to reduce the
friction at the arc prismatic pair by utilizing a rolling guide
mechanism such as a roller slider.

In addition, the larger the rail intersection angle is, the larger
the limit is. However, the effect gradually decreased and even-
tually converged to a certain value.

IV. TORQUE TRANSMISSION

For the proposed mechanism, the torque transmission charac-
teristics differ between the roll and pitch operation, because the
drive method differs between them. Considering only the roll
operation, the input-output torque relation is always constant
regardless of the posture, ignoring the weight of the parts.
However, the relationship changes depending on posture when
considering only the pitch operation.

In Section IV, the torque transmission ratio is formulated and
it is confirmed that the ratio changes as the pitch angle increases.
The torque transmission ratio is the ratio of the output torque to
the total input torque; therefore, the ratio is a useful value for
calculating the input torque required to obtain the target pitch
angle output in advance.

The torque transmission ratio is described as (8) from the
principle of virtual work because the work balance is held during
pitch operation assuming static motion. (8) express the torque
transmission ratio when the radius of the end effector is R.

. TE,pitch R x FE,pitCh
ratio = =
|Tal + |Tg| |R X Fa|+|R x Fg|
_ FE,pitch _ d (4p1;tp2)
|Fal + |Fp| do

|

2P1—P2
©1 — Y2 COSs 3
= COS

2a
2 cos* 3

— 1> . ®)
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Fig.6. Continuous variation of the torque transmission ratio depending on the

end-effector orientation.

T and Ty refer to the input torque given to the entire
mechanism from input blocks A or B, and Tg pitcn is the pitch
output torque. F5 and Fp refer to the input force given to the
input blocks A or B.

The ratio changes continuously as the pitch angle increases,
as shown in Fig. 6, depending on the rail intersection angle.

In order to output the torque T pitcn in the pitch direction of
the end effector, the total input torque 77, tota1 described as (9)
is needed. d,, d.. are the distances from the center of rotation to
the center of gravity of the input blocks or the central block. W},
and W, are the gravity applied to the input blocks or the central
block.

TIn,total
= |Tal + |TB| + Widy (sin 1 + sinpz) + Wed, sin 0,

o TE,pitch

— + Wydy (sin 1 + sin pa) + Wed,.sinb,..  (9)
ratio

It should be noted that the net output torque is described by
(10) if the center of gravity of the end-effector is dg away from
the center of rotation and the gravity of W is applied to the
center of gravity.

Tout = TE,pit(zh - WEdE CcOos op- (10)

V. PROTOTYPE FABRICATION

In this study, we fabricated a prototype by replacing each part
of the resin prototype [22] with a metal, as shown in Fig. 1.
The prototype was designed to ensure that it was movable when
an external force was applied to it for the experiment. The
CAD model of the prototype is as shown in Fig. 7. The main
parameters of the proposed prototype are listed in Table I.

The end-effector was fabricated by cutting highly rigid stain-
less steel SUS304. This fabrication suppresses deformation
and ensures a highly accurate posture because the end-effector
posture is controlled according to the geometric conditions of
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Fig. 7. CAD model of the prototype embodying 2-DOF SPM with arc pris-
matic pairs driven by a differential drive.

TABLE I
MAIN PARAMETERS OF THE PROPOSED PROTOTYPE

Height 355 mm
Whole Weight 385 mm
Depth 370  mm

Weight 273 g
End effector Radius 102 mm
Arc frame interval 60 deg

the end-effector shape and the position of the input blocks in
proposed mechanism.

The ring gear is fabricated by cutting the spur gear of the
S45C and hollowing out the center.

Two measures were taken to reduce the frictional resistance
between the rail and roller slider. First, the arc prismatic pair
is embodied by a roller slider, and second, the rail surface is
electroless Ni-P-PTFE plated to achieve excellent lubricity and
wear resistance.

The roller slider consists of four guide rollers arranged along
the rail arc. The guide roller was made of aluminum A5052, and
its surface was coated with an anodic oxide. The roller had a
V-groove that corresponded to the cross-sectional shape of the
rail.

To obtain a stable pitch output, the rail intersecting angle «v is
designed to be 120° degrees as a result of considering the change
in the torque transmission ratio as shown in Fig. 6.

VI. DRIVING TORQUE MEASUREMENT

The actual driving torque was measured experimentally using
a metal prototype, as described in Section VI. Thereafter, we
clarified how the torque transmission ratio changes during pitch
motion according to the end-effector posture.

To measure the torque transmission ratio, we measured the
sum of the input torques during pitch motion while the end-
effector was loaded with a constant torque in the pitch direction.

In addition, the influence of the rolling friction resistance
on driving was evaluated by comparing the experimental and

11225
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Fig. 8. Metal prototype with a weight and a torque meter.

theoretical values. The influence cannot be theoretically es-
timated because the actual contact state between the roller
and rail is unpredictable in the case where the roller slider
is composed of V-groove guide rollers, as in the case of the
prototype.

A. Experiment Setup

A metal prototype was set up for the experiment, as shown in
Fig. 8. The end-effector has six rails connected at the poles so
that the end-effector becomes spherical. Therefore, the center
of gravity and center of rotation match each other in the end-
effector.

To load a couple of forces to the end-effector in the pitch
direction by the gravity of the weights, two stainless wires are
symmetrically wound around the center rail, and the two weights
are attached to the end of the wires. These wires were hung on
an aluminum pulley with a V-groove in the middle.

The weight was changed with to a width of 400 g at equal
intervals, from 0 g (without weight) to 1200 g.

To control the motor speed, absolute encoders were attached
to the rotary shaft of the spur gears via couplings. These encoders
were made by the Microtech laboratory, the model number was
MAS-20-1024G1, and the resolution was 1024/rotation.

To measure the input torques required for driving, that is,
the torques around the motor drive shafts, torque meters were
introduced and connected between the motor and the rotating
shaft of the spur gear through couplings. These torque meters are
made by UNIPULSE, and the model number is UTM-II-10Nm.

B. Experiment Method

The end-effector was rotated in the pitch direction according
to the procedure below:
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e end-effector.

1) Input blocks A and B were rotated until the pitch angle
was 42°. This is the initial state.

2) Theinputpartblocks A and B were then rotated in different
directions, and the end-effector was rotated in the pitch-
negative direction.

3) The motion was then stopped when a pitch angle was
14.3°.

Simultaneously, the torque values around the motor drive
shafts were recorded using torque meters. The measured torque
values were converted to the driving torque for input blocks A
and B, considering the gear ratio between the spur gear and ring
gear.

In this way, it is clarified how driving torque is required to
change the end-effector posture when a constant output torque
in the pitch direction is obtained from this mechanism.

C. Experimental Results

Typical experimental results of the experiment are shown
in Fig. 9. The horizontal axis is the estimated pitch angle 0,
which is calculated from the rotation numbers recorded by the
encoders. The vertical axis is the total torque given to input
blocks A and B, which is calculated from the torque values
measured using torque meters.

The solid lines represent the experimental results. The dashed
and dotted lines show the theoretical values calculated using (9).

When the weight was 400 g, 800 g, or 1200 g, the total driving
torque reached a maximum immediately after the end- effector
posture changed from the initial state. In the case of the 400 g
weight, the maximum value was 0.73 Nm. In the case of 800 g,
it was 1.13 Nm. In the case of 1200 g, it was 1.39 Nm.

Thereafter, the total driving torque gradually decreases as the
pitch angle decreases. This phenomenon means that the torque
transmission ratio (rate of output torque to input torque) changes
according to the end-effector posture because the total input
torque changes although the output torque is constant.
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Fig. 10. Image of applying curved biaxial mechanism to a sheet.

Additionally, the experimentally observed phenomenon rep-
resents the feature obtained from the principle of virtual work
in (8).

The error between the measured and theoretical values is
small in the range of small pitch angles and vice versa. It
was experimentally confirmed that the influence of the rolling
friction of the guide roller on driving became more pronounced
as the pitch angle increased, and the energy loss increased.

VII. CONCLUSION

In this study, the influences of friction of the arc prismatic pair
were confirmed by considering the slider-type differential -drive
2-DOF SPM. First, we theoretically confirmed the influence
of the friction of the arc prismatic pair on the workspace of
the SPM and the arc slider was designed to ensure the high
smoothness. Second, the actual driving torque is experimentally
measured and the influence of friction on driving is examined
using the prototype embodying a slider-type differential-drive
2-DOF SPM.

We solved the rail sliding condition theoretically and conse-
quently it was important to make the friction coefficient smaller
to ensure high movable range in pitch direction in the case of
the slider-type 2-DOF SPM. Based on this result, we design and
fabricated arc slider using roller guides to reduce the friction at
the arc prismatic pair.

The actual driving torque was measured experimentally using
a metal prototype and we observed how the torque transmission
ratio changes during pitch motion according to the end-effector
posture. In addition, the influence of the rolling friction resis-
tance was experimentally evaluated. The influence is difficult to
be theoretically estimated in the case where the roller slider is
composed of V-groove guide rollers, however the influence was
evaluated by comparing the experimental and theoretical values
of the input torque.

We plan to install the proposed mechanism in automobiles
and apply it to the stabilization platform and the acceleration
reduction mechanism [27], as shown in Fig. 10.



SAIKI et al.: EXPERIMENTAL STUDY OF THE MECHANICAL PROPERTIES OF A SPHERICAL

Fig. 11.

Input part
Mount B

End-effector
(A shaped)

Input part
Mount A

Linear actuator

Arrangement of links and couples constituting the slider-type 2-DOF

planar parallel link mechanism.
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APPENDIX

The slider-type 2-DOF planar parallel link mechanism is
used in a haptic 2-DOF buttock skin stretch device [25]. The
arrangement of links and couples constituting the mechanism is
as shown in Fig. 11.The experiment procedure in Section VI is
as shown in Fig. 12.

[1]
[2]

[3]

[4]

[5]

[6]

REFERENCES

C. M. Gosselin and F. Caron, “Two degree-of-freedom spherical orienting
device,” U.S. Patent 5 966 991, Oct. 19, 1999.

G. R. Dunlop and T. P. Jones, “Position analysis of a two DOF parallel
mechanism - The Canterbury tracker,” Mech. Mach. Theory, vol. 34, no. 4,
pp- 599-614, May 1999, doi: 10.1016/S0094-114X(98)00020-2.

J. Zheng, J. Shi, Z. Zhang, X. Shi, and W. Li, “Workspace and kine-
matics analysis of a 2-DOF decoupled spherical parallel mechanism,” in
Proc. 15th Int. Conf. Mechatron. Mach. Vis. Pract., 2008, pp. 403-407,
doi: 10.1109/MMVIP.2008.4749567.

M. E. Hesar, M. T. Masouleh, A. Kalhor, M. B. Menhaj, and N. Kashi, “Ball
tracking with a 2-DOF spherical parallel robot based on visual servoing
controllers,” in Proc. 2nd RSI/ISM Int. Conf. Robot. Mechatron., 2014,
pp- 292-297, doi: 10.1109/ICRoM.2014.6990916.

H. Su et al, “Cable-driven elastic parallel humanoid head with
face tracking for autism spectrum disorder interventions,” in
Proc. Annu. Int. Conf. IEEE Eng. Med. Biol., 2010, pp.467-470,
doi: 10.1109/IEMBS.2010.5626186.

N. M. Bajaj, A. J. Spiers, and A. M. Dollar, “State of the art in ar-
tificial wrists: A review of prosthetic and robotic wrist design,” IEEE
Trans. Robot., vol. 35, no. 1, pp.261-277, Feb. 2019, doi: 10.1109/
TRO.2018.2865890.

[7]

[8]

[9

—

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

11227

K. Ueda, H. yamada, H. Ishida, and S. Hirose, “Design of large motion
range and heavy duty 2-DOF spherical parallel wrist mechanism,” J. Robot.
Mechatron., vol. 25, pp. 294-305, Apr. 2013.

M. Ogata and S. Hirose, “Study on ankle mechanism for walking robots:
Development of 2 d.o.f coupled drive ankle mechanism with wide motion
range,” in Proc. IEEE/RSJ Int. Conf. Intell. Robot. Syst., 2004, vol. 4,
pp. 3201-3206.

R. Bsili, G. Metta, and A. Parmiggiani, “An evolutionary approach for the
optimal design of the iCub mk.3 parallel wrist,” in Proc. IEEE-RAS 18th
Int. Conf. Humanoid Robots, 2018, pp. 475-482.

W. A. Cao, S.J. Xu, K. Rao, and T. Ding, “Kinematic design of a novel two
degree-of-freedom parallel mechanism for minimally invasive surgery,” J.
Mech. Des. Trans. ASME, vol. 141, no. 10, pp. 1-7, Oct. 2019.

S. Ansari-Rad, M. Zarei, M. G. Tamizi, S. Mohammadi Nejati, M. T.
Masouleh, and A. Kalhor, “Stabilization of a Two-DOF spherical parallel
robot via a novel adaptive approach,” in Proc. 6th RSI Int. Conf. Robot.
Mechatron., 2018, pp. 369-374.

B. Danaei, M. Alipour, A. Arian, M. T. Masouleh, and A. Kalhor, “Control
of a two degree-of-freedom parallel robot as a stabilization platform,” in
Proc. 5th RSI Int. Conf. Robot. Mechatron., 2017, pp. 232-238.

P. Feldman, T. Brumi, and G. Merri, “Motion platform system and method
of rotating motion platform about plural axes,” U.S. Patent 7 033 176 B2,
Apr. 25, 2006.

Y. Takeda, “Parallel mechanism,” Seimitsu Kogaku Kaishi/J. Jpn. Soc.
for Precis. Eng., vol. 71, no. 11. pp. 13631368, 2005, doi: 10.2493/
jispe.71.1363.

K. Maeda, S. Tadokoro, T. Takamori, M. Hiller, and R. Verhoeven,
“On design of a redundant wire-driven parallel robot WARP ma-
nipulator,” in Proc. IEEE Int. Conf. Robot. Automat., 1999, vol. 2,
pp. 895-900.

A. Guerrouad and P. Vidal, “SMOS: Stereotaxical microtelemanipulator
for ocular surgery,” in Proc. Images 21st Century. Annu. Int. Eng. Med.
Biol. Soc., 1989, vol. 3, pp. 879-880.

B. Danaei, A. Arian, M. Tale masouleh, and A. Kalhor, “Dynamic mod-
eling and base inertial parameters determination of a 2-DOF spherical
parallel mechanism,” Multibody Syst. Dyn., vol. 41, no. 4, pp. 367-390,
2017.

L.J.Zhang, Y.-W.Niu, Y.-Q. Li, and Z. Huang, “Analysis of the workspace
of spherical 2-DOF spherical 5R parallel manipulator,” in Proc. IEEE Int.
Conf. Robot. Automat., 2006, pp. 1123-1128.

T. Essomba and L. Nguyen Vu, “Kinematic analysis of a new five-
bar spherical decoupled mechanism with two-degrees of freedom re-
mote center of motion,” Mech. Mach. Theory, vol. 119, pp. 184-197,
Jan. 2018.

X. Kong, “Forward displacement analysis of a 2-DOF RR-RRR-RRR
spherical parallel manipulator,” in Proc. IEEE/ASME Int. Conf. Mechatron.
Embedded Syst. Appl., 2010, pp. 446-451.

J. J. Cervantes-Sanchez, J. C. Hernandez-Rodriguez, and E. J. Gonzélez-
Galvan, “On the 5R spherical, symmetric manipulator: Workspace and
singularity characterization,” Mechanism Mach. Theory, vol. 39, no. 4,
pp. 409-429, 2004.

N. Saiki et al., “2-DOF Spherical parallel mechanism capable of biaxial
swing motion with active arc sliders,” IEEE Robot. Automat. Lett., vol. 6,
no. 3, pp. 46804687, Jul. 2021.

J. Enferadi and A. A. Tootoonchi, “A novel spherical parallel manipulator:
Forward position problem, singularity analysis, and isotropy design,”
Robotica, vol. 27, no. 5, pp. 663-676, 2009.

H. Kang and J. T. Wen, “Robotic assistants aid surgeons during mini-
mally invasive procedures,” IEEE Eng. Med. Biol. Mag., vol. 20, no. 1,
pp. 94-104, Jan./Feb. 2001.

A. Horie, A. Nomura, K. Tadakuma, M. Konyo, H. Nagano, and
S. Tadokoro, “Enhancing haptic experience in a seat with Two-
DoF buttock skin stretch,” in Proc. Int. AsiaHaptics Conf., 2019,
pp. 134-138.

J. Craig, “Spatial transformations,” (in Japanese) in Robotics —
Mechanism/Kinematics/Control—, M. Nanjyo, 1st ed., Tokyo, Japan: Ky-
oritsu Shuppan, 1991, ch. 2, sec. 8, pp. 45-46.

M. Nobutoki and S. Suzuki, “Development of a tilting system for reducing
horizontal acceleration in cars,” in Proc. Soc. Automot. Engineers Jpn.
Autumn Meeting, 2019.


https://dx.doi.org/10.1016/S0094-114X(98)00020-2
https://dx.doi.org/10.1109/MMVIP.2008.4749567
https://dx.doi.org/10.1109/ICRoM.2014.6990916
https://dx.doi.org/10.1109/IEMBS.2010.5626186
https://dx.doi.org/10.1109/penalty -@M TRO.2018.2865890
https://dx.doi.org/10.1109/penalty -@M TRO.2018.2865890
https://dx.doi.org/10.2493/penalty -@M jjspe.71.1363
https://dx.doi.org/10.2493/penalty -@M jjspe.71.1363


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


