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Haptic Device using a
newly developed Redundant Parallel Mechanism

Jumpei Arata, Member, IEEE, Hiroyuki Kondo, Norio Ikedo and Hideo Fujimoto, Member, IEEE

Abstract— A number of haptic devices have recently become
available on the commercial market, and these devices are be-
coming common not only in research but also in consumer use. In
the present paper, a new parallel mechanism, referred to herein
as DELTA-R (formerly referred to as DELTA-4) is proposed for a
new haptic device having high-quality force display capability and
operability. DELTA-R allows 3-DOF translational motions. The
key features of DELTA-R, as compared with conventional parallel
mechanisms, are redundant actuation, a smaller footprint, a
larger working area, and improved access to the end-effector.
The prototype is equipped with a 3-DOF rotation mechanism, the
center of motion of which is located on the wrist position of the
operator. An evaluation test of the force display was conducted
using a prototype of the proposed mechanism. The present paper
describes the kinematic design, kinematic modeling, kinematic
analysis, prototype implementation, and evaluations.

Index Terms—Haptic device, Parallel mechanism, Kinematics,
Force display device, Virtual reality.

I. INTRODUCTION

APTIC devices can be defined as devices that can

display “a sense of touch” to the operator. This sense
of touch can be described not only by a force, but also by
vibrations, temperature, friction, and means (tactile senses).
A number of studies have been conducted in this area, and
several haptic devices with the capability of force display are
commercially available. In force display devices, it is essential
to realize different force sensations of soft/hard objects. In
addition, smoothness and low inertia in unloaded motions are
required for high-quality haptic sensation. Therefore, in terms
of the structure of haptic devices, the following characteristics
are preferable with respect to the quality of the force display.

« For displaying soft objects, high position resolution and
high force resolution are required.

« For displaying hard objects, high stiffness and high output
force are required.

o For smoothness and low inertia motions, high backdriv-
ability and a lightweight end-effector are required.

These characteristics can be obtained by mechanical struc-
tures (position input - force output: impedance type haptic
device) or compensated control methods with (a) force sen-
sor(s) (force input - position output: admittance type haptic
device). On the other hand, parallel mechanisms have been
widely applied in the development of haptic devices. General
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parallel link manipulators can be defined as follows. “A gen-
eralized parallel link manipulator is a closed-loop kinematic
chain mechanism whose end-effector is linked to the base by
several independent kinematic chains [1]”. In general, parallel
mechanisms are actuated by fixed actuators on the base part of
the mechanism. Therefore, the study of parallel mechanisms
is a rational approach to realizing the above characteristics in
impedance type haptic devices. In the present paper, a new
parallel mechanism, namely, DELTA-R (formerly referred to
as DELTA-4) is proposed for a new haptic device having high-
quality force display capability and operability. DELTA-R was
developed in order to overcoming the limitation of a con-
strained working area, which is a common problem for haptic
devices that use parallel mechanisms. Preliminary results on
the proposed mechanism have presented in previous studies
[36], [37]. The present paper investigates the advantages of
the proposed mechanism as a haptic device.

II. RELATED RESEARCH

In general, haptic devices can be classified into two cate-
gories: impedance type devices and admittance type devices.
In impedance type haptic devices, a high backdrivability of
kinematics is required for smooth input motions. In admittance
type haptic devices, although mechanical limitations are less
restricted, a feedback control using (a) force sensor(s) is
required. Therefore, in admittance type haptic devices, it is
essential to deal with a force feedback control in terms of
stability and quality of haptic sensation. Previously proposed
haptic devices are listed in Table I along with the correspond-
ing control type, mechanism, number of DOF of end-effector,
references, and remarks.

A. Impedance type haptic devices

The PHANTOM (SensAble Technologies) [2] impedance
type haptic device is widely applied in haptic research field.
PHANTOM has a 6-DOF serial-parallel hybrid mechanism
using a wire driven mechanism. Freedom 6S (MPB Technolo-
gies) [3] and Virtuose 6D35-45 (Haption) [4] have been devel-
oped as 6-DOF hybrid mechanism manipulators. CyberGrasp
and CyberForce are exoskeleton haptic devices that are capable
of displaying force on fingers developed by immersion [5].

In general, by using a serial link mechanism, it is possible
to realize a larger working area. However, for the application
of impedance type haptic devices, it is difficult to implement
highly geared motors to realize high backdrivability. Conse-
quently, it is difficult to realize high output force on impedance
type haptic devices using serial link mechanisms. To solve this
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TABLE I

MECHANICAL FEATURES OF HAPTIC DEVICES
Device Type / Mechanism DOF of end-effector Ref. | Remark
Phantom Premium 6 DOF Impedance / Hybrid 3 trans. + 3 rot. [2] | A parallelogram
Freedom 6S Impedance / Hybrid 3 trans. + 3 rot. [3] A parallelogram + 3 DOF wire mechanism
Cubic 3 Impedance / Parallel 3 trans. [3] 3 DOF parallel mechanism
Virtuose 6D Desktop Impedance / Parallel 3 trans. + 3 rot. [4] 6 DOF parallel mechanism
Virtuose 6D35-45 Impedance / Hybrid 3 trans. + 3 rot. [4] 2 parallelograms
CyberGrasp Impedance / Hybrid 5 (1 par a finger) [5] Link and Wire mechanism
CyberForce Impedance / Hybrid 3 trans. + 3 rot. [5] A parallelogram
DELTA Impedance / Parallel 3 trans. [6] DELTA parallel mechanism
Omega.3/6/7 Impedance / Parallel 3 trans. + 3 rot. + 1 grasp [8] Based on DELTA[6] parallel mechanism
Novint Falcon Impedance / Parallel 3 trans. [9] Based on DELTA[6] parallel mechanism
Haptic Master Impedance / Parallel 3 trans. + 3 rot. [10] | Redundant parallel mechanism
Pen-based force display Impedance / Parallel 3 trans. + 3 rot. [11] | 2 set of 3 DOF manipulators
3-DOF Planar Pantograph Impedance / Parallel 2 trans. + 1 rot. [12] | 2 pantographs
5-DOF Haptic Wand Impedance / Parallel 3 trans. + 2 rot. + 1 passive rot. [12] | Using a dual-pantograph arrangement
ShaDe Impedance / Parallel 3 rot. [15] | Based on Agile Eye spherical mechanism
Pantoscope Impedance / Parallel 2 rot. [16] | 2 DOF spherical mechanism
Xitact IHP/ITP Impedance / Parallel 3 rot. + 1 linear [17] | Based on Pantoscope[16]
3 DOF parallel hand Impedance / Parallel 3 trans. [18] | 10-Link, 12 revolute-joint mechanism
6 DOF haptic device Impedance / Hybrid 3 trans. + 3 rot. [19] | Orthoglide + Agile Eye
SPIDAR Impedance / Wire 3 trans. + 3 passive rot. [20] | Wire mechanism
Mimic Mantri Impedance / Wire 3 trans. + 3 passive rot. [22] | Wire mechanism
Master robot using a radial wire Impedance / Wire 3 trans. + 3 rot. [23] | Wire mechanism
Excalibur Impedance / Wire 3 trans. [24] | Using a patented steel cable
WireMan Impedance / Wire 3 trans. [25] | Wire mechanism
HapticGEAR Impedance / Wire 3 trans. [26] | Wire mechanism
r3-system Impedance / Wire 1 trans. [27] | Wire mechanism
HapticMASTER Admittance / Serial 3 trans. [28] | Cylindrical coordinate type mechanism
VISHARDG6 Admittance / Serial 3 trans. + 3 rot. [29] | SCARA 3 DOF + 3 DOF of rotation
VISHARD10 Admittance / Serial 3 trans. + 3 rot. [30] | 10 DOF hyper-redundant mechanism
Compact 6-DOF Haptic Interface Admittance / Hybrid 3 trans. + 3 rot. [31] | Modified DELTA [32] + gimbal [33]
DELTA-R Impedance / Parallel 3 trans. - DELTA-R redundant parallel mechanism

problem, parallel mechanisms have been applied to impedance
type haptic devices. By using parallel mechanisms, it is possi-
ble to realize high backdrivability, high stiffness, high output
force, and low inertia. However, most parallel mechanisms
have a disadvantage with respect to the working area. Clavel
developed a 3-DOF parallel mechanism called DELTA [6].
Omega (Force Dimension) [8] is an application of the DELTA
parallel mechanism as a haptic device. The DELTA mechanism
was also applied to Novint Falcon (Novint Technologies) [9].
Iwata et al. developed a 6-DOF redundant parallel mechanism
for a larger working area [10]. Iwata et al. developed a pen-
based force display device [11]. Birglen et al. developed the
ShaDe system [15], and Clavel et al. developed Pantoscope
[16], which realizes 2-DOF rotational motions. The panto-
scope has been implemented as a surgical simulator, Xitact
IHP/ITP [17]. These rotational parallel mechanisms realize
a remote center of motion (RCM) in space. Adelstein et al.
developed a 3-DOF joystick type force display device using a
10-link “in-parallel” mechanism [18]. Chablet et al. developed
a 6-DOF haptic device using Orthoglide within translational 3-
DOF motion and Agile eye within a rotational 3-DOF parallel
mechanism [19].

In addition, a number of wire-driven parallel mechanisms
have been introduced in haptic research field as impedance
type haptic devices. In SPIDAR [20] (CyVerse [21]) and
Mimic Mantri [22] (Mimic Technologies), several strings
are attached to the end-effector, and the string tension is
controlled by motors for displaying force. A master robot
using a radial wire-driven system [23] that uses seven wires
has been developed in order to optimize the number of wires

needed for a 6-DOF haptic device. Excalibur [24] is a 3-
DOF translational haptic device using a wire-driven parallel
mechanism. This mechanism has been developed for versatile
applications, including a virtual reality (VR) training system
and computer aided design (CAD). WireMan[25] is a wearable
force display device that is actuated by parallel wires and
has been developed in order to investigate the possibility of
creating aids for blind people. HapticGEAR [26] is also a
wearable force display device that has been developed in order
to provide haptic sensation in a large VR space generated by an
immersive visual display. The r3-system has been developed
for use in sport simulation in a large VR space. The r>-system
was designed to realize highly dynamic sport simulations (e.g.,
a rowing simulator and a tennis training system).

B. Admittance type haptic devices

HapticMASTER [28] (Moog FCS Robotics) and
VISHARDI10[30] (Ueberle et al.) have been presented
as admittance type haptic devices. These devices use serial
link mechanisms. Using a parallel mechanism, Uchiyama et
al. developed Modified DELTA[31] along with a five-link
parallel gimbal mechanism.

III. KINEMATICS

An overview of the developed DELTA-R structure is shown
in Fig. 1. DELTA-R incorporates a new parallel mechanism,
which realizes translational 3-DOF motions.



FINAL VERSION MANUSCRIPT FOR IEEE TRANSACTION ON ROBOTICS AND AUTOMATION, DECEMBER 1ST 2010 3

Base Plate
(Link 0)

End-Effecter
(Link 3)

@ : Active Joint (1D.OF.)

End point
Pe

co : Passive Joint (1D.O.F.)

Fig. 1.
consists of a base plate, an end-effector, and two arms. Each arm consists of two parallelograms P1; and P2; (center). Each arm can be modeled by
introducing angle parameters q1;, ¢2;, and ¢3; (right).

A. Mechanism

DELTA-R is a redundant parallel mechanism that realizes
translational 3-DOF motions by four fixed actuators on the
base plate. The structure of DELTA-R is illustrated in Fig. 1.
The kinematics of DELTA-R consists of a base plate, an
end-effector, and a pair of arms. Each arm consists of two
parallelograms (P1; and P2;). (The suffix ¢ = 1, 2 represents
a pair of arms.) Link 5 is a T shape linkage bar, which connects
parallelograms P1; and P2; in each arm. The motors attached
to joints J1, and J2/ in each arm enable 2-DOF motions. Two
arms are fixed on the base plate at allocation angle #; from
the X axis around the Z axis of the reference frame O. End-
effectors are attached to the tips of the two arms by joint J4; of
parallelogram P2;. The connections between the end-effectors
and the two parallelograms by J4; gives the motion constraint
in parallel between the end-effector and the base plate. By
introducing this motion constraint, it is possible to maintain
the posture between the end-effector and the base plate in
parallel, and the DELTA-R can finally obtain the translational
3-DOF motions by means of its redundant mechanism.

The name of the DELTA-R mechanism was derived from
the conventional DELTA parallel mechanism, because there
are several common points on the motion constraints of the
end-effectors, and -R refers to the redundant mechanism. By
the implementation of a new redundant parallel mechanism,
the following benefits can be obtained in DELTA-R: a larger
working area, a smaller footprint, and improved mechanical
access of the end-effectors.

B. Geometric parameters and definitions

In the kinematics of DELTA-R, the geometric solutions
can be given both in the forward kinematics and the inverse
kinematics. The lengths of Links O, 1, 2, and 3 in Fig. 1 are
denoted as L0, L1, L2, and L3, respectively. The rotation
angles around J1;, J2;, and J3; are denoted as ql;, q2;,
and ¢3;, respectively. The joint angles of J2; and J2, are
equivalent, based on parallelogram P1;. In these joints, angles

Overview of the DELTA-R mechanism that realizes translational 3-DOF motions by four fixed motors on the base (left). The structure of DELTA-R

ql; and ¢2; can be measured by position sensors (such
as optical encoders) attached to the actuators. Using these
parameters, the kinematics of DELTA-R can be simplified and
are described in Fig. 1. The length R in Fig. 1 can then be
given as follows:

R = L0-L3. (1)

C. Forward kinematics
The end-effector position Pe; = (pz; py; pz;)T can be
obtained from joint angles ql;, ¢2; of J1;, and J2; based

on the forward kinematics.
°T.; = Rot(Z,0i)Trans(R,0,0)Rot(Y,—ql;)

Trans(L1,0,0)Rot(Y,ql; + q2;)

Trans(—L2cos(q3;), L2sin(g3),0). )

The translation vector in °T.; is equivalent to the end-
effector position Pe;. Therefore, Pe; can be given as follows:

DT A; — C;C3; — L2855, S5p;
DYi = B; — DiCs; + L255,Co; |, (3)
Dz L154; + L2C5;5s;
where
Jj =123,

A; = (R+ L1Cy;)Cyi, B; = (R+ L1C1;)S6i,
C; = L2C%Co;, D;= L2C%S%;,

Cji = cos(qji), Sji = sin(qji),

Co; = cos(6;), Sp; =sin(6;).

N

The angle ¢3; of a passive joint can be obtained by active
joint angles from Equation (3) as simultaneous equations of
Pe; = Pes. Therefore, ¢3; can be obtained as follows:
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g3; = 2arctan(u;), 4)
—G,; £\/G? — 4H,I;
u; = S, ; 5)

E; = L1511 — L1512 — L2Cy;,
F;, = L1Sy; — L1515 + L2Cy;,
G1 = —2L2%(Cp1Sp2 — S91Cp2)Sa2,
Gy = —2L22(C91592 — 591Cp2)Sa1,
Hy = ((B1— B2+ D;1)L2S23+ D3FE1)Se2
+((A1 — Ag + C1) L2523 + C2E1)Ca,
Hy; = ((B1— By — D3)L2S5 + D1F2)Se1
+((A1 — Ay — C2) L2521 + C1F2)Con,
I = ((B1—Ba— D1)L2S99 + DoF1)Sp2
+((Ay — Ay — C1) L2829 + Co F1)Ca,
I, = ((B1— B2+ D3)L2S21 + D1E2)Se
+((A1 — Ag + C2) L2891 + C1 E2)Coy,
where u; is an intervening variable. Based on the geometric
conditions, u; in Equation (5) should have a negative value.

Therefore, the angle ¢3; of a passive joint is obtained as
above. By adding ¢3; to Equation (3), the end-effector position
Pe is eventually obtained.

D. Inverse kinematics

The joint angles ¢1; and ¢2; of J1; and J2;, respectively,
can be given in term of the end-effector position Pe using the
inverse kinematics of DELTA-R. First, the position of joint
J2i, P o = [J2x;, J2y;, J22;]T, can be denoted as follows:

T3 = Rot(Zy,0i)Trans(R,0,0) (6)
Rot(Ya, —q1;)Trans(L1,0,0)
0 0
_ E; | "P3
Pl

because "Ps; = P jo;, P jo; can be obtained as

J2x; (R+ L1C4;)Cy;
Py =Pjoi = J2y; | = | (R+ L1C1:)Se: | (8)
J2z; L1Sy;

Then, joint J2; can also be determined as points on a sphere
centered at end-effector position Pe with a radius of L2:

(Jz; — px)® + (Jy; —py)2 + (Jz — pz)2 = L22.(9)

By introducing an intervening variable s;, gl; can be
obtained from Equation (9), as follows:

ql; = 2arctan(s;), (10)
2pz £+/4pz? — M; N;
i = ; 11
s M, (11

K; = 2Cqipr + 2S0:py,

1
L = H(L12 — L2% + R? + pa® + py? + pz?),
R
M, =L-2 1- —)K;
R+ ( Ll)
Ni —L+2R-(1-2)K,
K3 - L]_ (N

From the geometric conditions, s; in Equation (11) should
have a negative value. The projection of the trajectory of
Link 2 onto the XY plane can be described as an ellipsoid
having major axis L2 and minor axis L2C5,. Therefore, ¢2;
is obtained as follows:

/

pr; = pxCo; + pySo;,
py; = pyCoi — pxSe;,
! — L1C1.))?
g2; = arccos <\/(pxz L(2]§+ ,Ch)) ) . (12)
— DPY;

Based on the above equations, the joint angles ¢q1; and ¢2; of
J1; and J2;, respectively, can be obtained. The kinematics,
including the Jacobian, is described in greater detail in the
Appendix.

E. Singularity point

In the DELTA-R mechanism, there are reduced mobility
points for the case in which the parallelograms P1; and P2;
are aligned on the same plane or in which P2; is aligned on
the same plane as the base plate. These singularity points can
be easily avoided by placing mechanical stoppers on joints J1;
and J2;. In addition, there are additional singularity points at
which the alignment angle between the two arms, 6 — 61, is
0 or 180 deg. However, this angle is fixed on the base, and
so these singularity points can be eliminated during the design
process. The optimal value of #;—6; in terms of manipulability
is 90 deg. On the other hand, in the DELTA mechanism, there
is an over mobility point for the case in which the all three
upper parallelograms are aligned in parallel. However, there is
no over mobility point in the DELTA-R mechanism.

IV. ANALYSIS

DELTA-R incorporates two arms and a redundant mech-
anism. Therefore, compared with the conventional DELTA
parallel mechanism (three arms), DELTA-R has advantages
with respect to working area and footprint. The basic structures
of DELTA and DELTA-R are shown in the top panels of Fig. 2.
For comparison of the footprints and working volumes, the
conditions of the mechanisms (such as the link lengths and
angle ranges) are configured identically based on the prototype
implementation parameters of DELTA-R. Comparing these
mechanisms, DELTA-R has a 15% larger working area and a
40% smaller footprint for installation (middle panels of Fig. 2).
In addition, DELTA-R enables operators to effectively access
a large working area by aligning the arms and actuators in
a V shape. The motion traces on XY plane of DELTA-R
and DELTA structure on 12 representative points around the
center of working area are shown in the bottom panels of
Fig. 2. The figure clearly shows that improved access to the
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DELTA: 242000 mm?
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A comparison of the footprints of DELTA-R and DELTA in the same mechanical configurations revealed that DELTA-R realizes a 40% smaller

footprint (top panels). A comparison of the working areas of DELTA-R and DELTA in the same mechanical configurations revealed that DELTA-R realizes
a 15% larger working area (middle panels). The lines and dots show the motion trace of the structure, of the mechanisms on XY plane. DELTA-R enables
operators to effectively access the working area by aligning the arms and actuators in a V shape (top panels). The average footprint of the structure in 12
representative points is two times smaller in DELTA-R compared with DELTA (bottom panels).

device from users by the two-arm configuration of DELTA-
R. In addition, the average footprint area of structure on
these points are 59170 mm? and 115857 mm?, in DELTA-
R and DELTA respectively. Therefore, the footprint area of
structure in motions are roughly two times smaller in DELTA-
R compared to DELTA.

Force producibility indicates how easily a force can be
produced in a given direction. In the general parallel mech-
anism, force producibility varies depending the end-effector
position. Therefore, observing the force producibility by kine-
matic analysis is useful for examining the performance of the
different mechanisms. In this section, the force producibilities
of DELTA-R and DELTA are compared. First, the motor torque
T can be obtained by Equation (13) using the Jacobian J and
the force vector F'. The Jacobian J is given by the end-effector
position, and the force vector F' is given by Equation (17).

r = J'F, (13)

F - [F, F, F.]", (14)
F, = Fn sinf cosp, (15)
F, = Fnsinf sinyp, (16)
F, = Fn cosf. (17)

where 6 and ¢ are Eulerian coordinates parameters, and F'n
is the norm of F'. Then, the extremal forces can be obtained as
the maximum F'n, where the motor torque 7 does not exceed
the rated motor torque 7;,,,. In this analysis, an SGMJV-ADA
motor (Yasukawa Electric Corporation, Japan, Rated torque:
1.27 Nm) was chosen, that was implemented in the prototype,
as described in Section V. The extremal forces were calculated
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Force producibility analysis: extremal forces of DELTA-R and DELTA at five points, labeled 1 through 5, over the working area: 1 (0, 0, 400), 2

(-100, -100, 400), 3 (100, -100, 400), 4 (100, 100, 400), and 5 (-100, 100, 400).

in all directions at five representative points over the working
area, namely, Point 1 (0, 0, 400), Point 2 (-100, -100, 400),
Point 3 (100, -100, 400), Point 4 (100, 100, 400), and Point
5 (-100, 100, 400). The results of the analysis are illustrated
in Fig. 3.

Compared to DELTA, the force producibility of DELTA-R
is elongated in the X -Y" plane. This means that, for DELTA-R,
it may be difficult to provide adequate force depending on the
output force direction (especially in the X and Y directions).
In DELTA, three arms are located evenly at intervals of
120 deg. In DELTA-R, a pair of arms are located at angles of
03 — 61. Therefore, the evenly distributed DELTA kinematic
structure has an advantage with respect to force producibility.
In addition, in DELTA-R, the force producibility was shown
to deteriorate when X and Y values are negative (Point
2). The angle between the links of the .J4-end-effector of

each arm, 64, is strongly related to the deterioration of the
force producibility. As shown in Fig. 4, 0 4 becomes smaller
with increasing distance from the original position when
the X and Y values are negative. In DELTA-R, the XY Z
translational force is generated by two arms. Therefore,the
force producibility decreases as the planes of the two arms
become closer. This analysis reveals the advantage of the
evenly distributed DELTA mechanism, as compared to that of
DELTA-R. However, DELTA-R has an advantage with respect
to the working area distribution. As mentioned above, by
aligning the arms and motors in a V shape, DELTA-R enables
the operator to effectively access a large working area. Thus,
this is a design trade-off of the kinematic structures. On the
other hand, in the kinematics of both DELTA and DELTA-R,
all of the motors can be situated on the base plate. Therefore,
in terms of design, the actuator limitations with respect to
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Fig. 4. In DELTA-R, the XY Z translational force is generated by two
arms. Therefore, the force producibility decreases as the planes of the two
arms become closer.

size and weight are not crucial. Thus, the advantages of the
DELTA-R mechanism, i.e., an improved mechanical access of
the end-effectors can be exploited by introducing an adequate
mechanical design.

V. IMPLEMENTATION
A. Realization of the DELTA-R mechanism

Figure 5 shows the implemented prototype of DELTA-
R. The link parameters L0, L1, L2, and L3 are given as
300, 300, 400, and 200 mm, respectively. The angular ranges
of motion are ¢q1;: 0 to 90 deg, ¢2;: 5 to 90 deg, and ¢3;: —70
to 70 deg. In considering the usability and the working area,
the arm angles were set to 61 = 0 deg and 63 = 90 deg (90
deg between arms).

In order to realize high backdrivability, four direct AC servo
motors and a wire reduction mechanism were incorporated
into the prototype. In the wire reduction mechanism, coun-
terweights were attached in order to compensate for gravity.
Tables II and III show the specifications of the prototype. In
the impedance type haptic device, mechanical backlash and
play significantly decrease performance, and commonly used
reduction gears are not suitable for such devices. Therefore,
we implemented a wire reduction system, as shown in Fig. 5.
The reduction ratio is 14:1. A pulley was connected to the
motor shaft using stainless steel wire (diameter: 1.0 mm,
winding: 7 x 7). The wire was wound around the motor shaft
four times based on Euler’s belt theory (maximum torque
transmission: 18.8 Nm). Counterweights were attached in
order to compensate for gravity, and mechanical stoppers were
implemented in order to prevent singularities.

A 3-DOF rotation mechanism and a grasping mechanism
were attached to the prototype. Therefore, the prototype has
a total of seven DOF (3-DOF translation, 3-DOF rotation,
and 1-DOF grasping). In the prototype, the required working
area was given by the standard working volume of the human
arms from a seated position. Therefore, based on a numerical
analysis, the prototype link parameters, such as the link lengths
L1 and L2, are defined so as to maximize the working volume.
For the case in which L2 = R+ L1, the working volume can
be maximized.

Rotational angle
85 deg

Fig. 5. In order to realize high backdrivability, four direct AC servo
motors and a wire reduction mechanism are incorporated into the prototype
(top). A wire reduction system was implemented in order to realize high
backdrivability (middle). Counterweights are attached in order to compensate
for gravity, and mechanical stoppers are implemented in order to prevent
singularities (bottom).

Link 11

Link7 (Base ) Link10
@ : Active Joint (1 D.O.F.) Link 12
(@ : Passive Joint (1D.0.F.) i

Fig. 6. A 3-DOF rotation mechanism is implemented by extending the
2-DOF five-spherical-link mechanism proposed by Ouerfelli et al. [33]. An
actuator for grasping motion is attached to the end-effector of the 3-DOF
rotation mechanism.
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TABLE II
MECHANICAL SPECIFICATIONS OF THE DELTA-R PROTOTYPE

translation 500 x L200 mm
rotation £80 x £80 x £80 deg
Continuous 50 N in X, Y and Z axes
Liner 0.01 mm

angler 0.01 deg

Height 500 mm

Width 800 mm

Depth 800 mm

Working area

Output force
Resolutions

Dimension

TABLE III
SPECIFICATIONS OF THE MOTOR USED IN THE PROTOTYPE

Joint J1;, 28 [ g6, J10® | J11 Grasping(©)
Rated Power [W] 400 479 8.68
Rated Torque [Nm] 1.27 44 x 1073 10 x 1073
Rated Rev [rpm] 3000 6000 8000
Gear ratio - 16:1 28:1
Resolution 220 512 512

(a) SGMIJV-ADA(Yasukawa Electric Corporation, Japan)
(b) 2657W024CR(Faulhaber, Germany)
©) 2232A024SR(Faulhaber, Germany)

TABLE IV
COMPARISON BETWEEN DELTA-R AND DELTA
DELTA-R DELTA
Footprint 146,250 mm? 242,000 mm?

114.0 x 108 mm3 | 98.0 x 106 mm?3

Working area

B. Rotation and grasping mechanism

The developed 3-DOF rotation mechanism and its kinemat-
ics model are shown in Fig. 6. The 3-DOF rotation mechanism
is implemented by extending the 2-DOF five-spherical-link
mechanism proposed by Ouerfelli et al. [33]. An actuator for
grasping motion is attached to the end-effector of the 3-DOF
rotation mechanism.

In the 3-DOF rotation mechanism, two of the three active
joints (J10, J6) are fixed to the base. All of the centers
of rotation are fixed at a point (RCM). The 3-DOF rotation
mechanism was designed for smooth input motion from an
operator. Therefore, the RCM corresponds to the wrist joint
of the operator when he/she handles the grasping part. The
distance between the grasping part and the RCM is decided
based on a standard human body.

The weight of the rotation mechanism, including all motors,
is 1.5 kg. In this prototype, the gravity was compensated by
counterweights on the base. Approximately 50 % of the gravity
is compensated the counterweights (passive) and the rest is
compensated by motors (active) for decreasing the effect of
inertia.

VI. EVALUATION

In order to test the performance of the prototype as a
haptic device, a force display test, stiffness measurement, and
resistance force measurement were performed. In addition,
a virtual sphere was displayed in order to test the overall
performance of the prototype as a haptic device. In these
experiments, the device was controlled by VxWorks 5.5.1 at
a control frequency of 1 kHz.

A. Force display test

For impedance type haptic devices, it is important to output
a desired force value without having a force feedback sensor.
An experiment was conducted to test the accuracy of the output
force. In this experiment, the generated force was calculated
only by the kinematic model and the measured force was not
fed back to the controller.

1) Experimental setup: The output force was measured
at five points, namely, Point 1 (0, 0, 400), Point 2 (-100,-
100,400), Point 3 (100,-100,400), Point 4 (100,100,400), and
Point 5 (-100,100,400), in the reference frame O. The output
force was varied from O to 10 N in 2 N increments on
the X, Y, and Z directions. A six-axis force sensor (Nitta
Corporation, IFS-50M31A25-125) was positioned at each point
by a sensor jig (top of Fig. 7).

2) Experimental results: Representative experimental re-
sults (Point 1) are shown in the bottom panel of Fig. 7. The
experimental results reveal that the force was displayed with
average error 0.15 N (maximum error: 0.3 N) in each direction.
However, crosstalk was observed to be approximately 0.5 N in
the measurements in the X and Y directions. Crosstalk in the
Z direction was not strongly observed (0.27 N). The mobility
of the mechanism should be considered as a possible reason
for this phenomenon. In the DELTA-R structure, it is necessary
to take into account the resultant force of the two arms in order
to generate the force on the XY plane. In this case, one arm
should bend passively. Consequently, the effect of distortion
of the mechanical structure increases. Therefore, crosstalk was
smaller in the Z direction. This can also be explained by force
producibility analysis. The force producibility of DELTA-R is
elongated in the XY plane.

B. Stiffness measurement

In this experiment, the stiffness of the prototype was mea-
sured by applying a static load in the X, Y, and Z directions.

1) Experimental setup: The top panel of Fig. 8 shows
an overview of the experimental setup. The end-effector was
fixed at the center of the working area (Point 1 on the force
display test) by fixing all active joints during the measurement.
The load was gradually increased from 2 N to 11 N in 3 N
increments. In a similar manner, the load was then gradually
unloaded in 3 N increments in the X, Y, and Z directions.
An Optotrak Certus motion capture system (Northern Digital
Inc.) [34] was used for position measurement by placing
optical markers on the prototype. The RMS positional ac-
curacy and resolution of the Optotrak are 0.1 mm and 0.01
mm, respectively. The sampling rate was set to 100 Hz, and
position measurement was conducted for 5 second under each
condition. Although the wire transmission mechanism was
incorporated into the prototype, the mechanical parameters of
mechanism were not identified (e.g., elasticity) or implemented
in the control system for this test.

2) Experimental results: The experimental results are
shown in the bottom panel of Fig. 8. The points on the
graph represent the average of 5 second of measurement at
100 Hz. The range of the mean error was less than 0.02
mm. The experimental results revealed that the stiffnesses
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Fig. 7. Experimental setup and results of the force display test

of the prototype in the X, Y, and Z directions are 7.03,
6.10, and 6.54 N/mm, respectively. In PHANTOM Premium
3.0[2] and Omega[8], the stiffnesses are 1.0 N/mm and 14.5
N/mm, respectively. The stiffness depends on the length of the
arm and the implementation of the mechanism, for example.
In addition, the working area of the DELTA-R prototype
is over 10 times larger than that of Omega. Therefore, a
simple comparison cannot be made. However, considering
these conditions, the performance of the DELTA-R mechanism
is advantageous with respect to stiffness.

C. Resistance force measurement in freehand motion

The resistance force is important for a haptic device in
terms of backdrivability and inertia force, which are strongly
related to operability. In this experiment, the resistance force
was measured using a force sensor attached to an end-effector
of the prototype.

1) Experimental setup: A force sensor (Nitta Corporation,
IFS-50M31A25-125) was attached to one of the end-effectors.
This end-effector was held by the operator to measure the
resistance force. Free-hand motion (XY plane) at a speed
of approximately 150 mm/s was performed by the operator.
An overview of the experimental setup and the trajectory of
the end-effector are shown in the top panels of Fig. 9. In
this experiment, no mechanical or software constraint was
applied so that the device could be tested under the most
commonly used condition. The data record indicates that the
operator moved the end-effector to the prohibited direction
approximately =10 mm.

2) Experimental results: The bottom panel of Fig. 9 shows
the experimental results. A resistance force was periodically
observed in the freehand motion of the operator. The maximum
resistance force was observed to be 3 N in the X direction.

Fig. 8.

H
——X axis

,,,,,,,,,,,,,,,,,,,,,,,,

==Y axis

Displacement [mm]
o
o

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Applied force [N]

Experimental setup and results of the stiffness test

Since the peak value was observed at the point at which the
operator changed the direction of the end-effector, the primary
cause of the resistance force is regarded as the inertia force. As
described above, in this prototype, gravity is compensated by
counterweights. These counterweights are considered to have
increased the inertia force. In addition, the coulomb friction of
the cables and the distortion of the mechanism can be affected
in this result. The average force was 0.97 N in the X direction,
0.12 N in the Y direction, and -0.42 N in the Z direction.

D. Virtual sphere display

A virtual sphere was displayed on the prototype in order to
test the general performance of the force display while using
the prototype as a practical haptic device.

1) Experimental setup: In this test, a virtual sphere within
a simple spring model (diameter: 200 mm, K = 1.0 N/mm)
was displayed. For the case in which the operator attempted to
move his/her hand outside the sphere, the force was displayed
as a force wall to keep the end-effector inside the sphere. The
experiment was conducted using 11 subjects (10 men and 1
woman) ranging in age from 21 to 35 years. All of the subjects
were right-handed.

2) Experimental results: Figure 10 shows representative
experimental results for the trajectory of the end-effector.
The force was displayed when the operator moved outside
the sphere. The trajectory of the end-effector clearly shows
that the force was effectively displayed on the surface of the
sphere. The results of a questionnaire given after the trial
revealed that subjects clearly felt the smooth surface of the
sphere. Therefore, the capability of the DELTA-R prototype
was demonstrated qualitatively.
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Fig. 9. Experimental setup and result of resistance force test

100
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Fig. 10. Trajectory of the end-effector on a virtual sphere

VII. CONCLUSIONS

In the present paper, a new parallel mechanism, referred
to herein as DELTA-R, was presented. This mechanism was
designed for use in a haptic device. The structure of DELTA-
R and its forward and inverse kinematic model and singu-
larity points were described. Comparative analysis with a
conventional parallel mechanism, i.e., DELTA, was presented.
DELTA-R was demonstrated to realize a 40% smaller footprint
and a 15% larger working area, as compared to DELTA.
In addition, DELTA-R has an advantage in the working
area distribution as a result of incorporating two arms. By
aligning the arms and motors in a V shape, DELTA-R enables
the operator to effectively access a large working area. As
a kinematic analysis of DELTA-R and DELTA, force pro-
ducibility analysis was carried out by introducing extremal
forces to representative points over the working area. The

analysis results reveal that DELTA-R has a drawback with
respect to force producibility for cases in which X and Y are
negative. This drawback is caused by the spatial configuration
of the DELTA-R mechanism. However, it was shown that this
drawback can be overcome through proper mechanical design
of the kinematics. A prototype haptic device incorporating
the DELTA-R mechanism was evaluated. A force display test
revealed an accurate force display capability of the prototype
(0.15 N average error). The crosstalk of the output force
(approximately 0.5 N in X-Y plane) was observed in the test,
and this phenomenon was explained by the kinematic analysis.
A stiffness test revealed that the prototype had relatively
advantageous stiffness characteristic (6.56 N/mm in average
of all axes) compared with conventional haptic devices. A
qualitative test using a virtual sphere display revealed that the
general performance of DELTA-R as a haptic device was good.

The redundant parallel mechanism provided a larger work-
ing area, a smaller footprint, and an improved working area
distribution. Further investigation of redundancy for haptic
performance is currently under way. Kumar et al. proposed
a torque optimization method for a redundant parallel mecha-
nism based on the manipulability parameter w using a weight-
ing factor[35]. This method can be effectively introduced
for the purpose of singularity avoidance. However, since the
DELTA-R mechanism has no singularity in the working area,
this method can be used for torque optimization. In addition,
only the mechanical characteristics of the prototype were
tested in the present study. In the future, we intend to introduce
a wire friction control approach and dynamic compensation to
the prototype system.

APPENDIX
KINEMATICS OF DELTA-R

In general, robot statics can be denoted based on the virtual
work principle as

r = J'F, (18)

where J is the Jacobian matrix, 7 is the joint torque vector,
and F is the display force vector. In DELTA-R, the Jacobian
matrix J; is a ®3*4 matrix. In the kinematics of DELTA-R,
the Jacobian J; can be given in each arm (¢ = 1, 2). Although
the values of J; and J, are identical in kinematic analysis,
in order to compensate for errors that can occur as a result of
backlash and play in the prototype, the mean of these values

is used for the calculations:

Ji+Js
J . (19)
2
Therefore, the Jacobian matrix J can be obtained as

Opzs  Opzs Opzz  Opzxs
Oql1 0921 Oqlz  0q22

J = Opys Opys Opys  Opys (20)

- dqlq 0q21 Oqls 0q22 ?

Opzs3 Opzs Opzs Opzs
8(]11 8(]21 8q12 8(]22

where
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Joint torque vector 7 is a R**! matrix, and the display force
vector F is a 3> matrix and can be given as follows:

21
(22)

[7’11 T21 Ti2 T22 }T,

[k, F, F.]".

T =
F =

Thus, for displaying force on the prototype, the required
torque 7 can be given in terms of the Jacobian matrix J and
the display force vector F' as follows:

Opzs F, + Opys Fy + 9pz3

T11 gqll gqll gqll z
pT3 PY3 Pz3

ol 8 I AN ARt e
pT3 PY3 Pz3

T12 gq12 F, + gq12 F,+ gqu F,

722 pPL3 PY3 Pz3
9q22 Fx + 9q22 Fy + 0q22 FZ
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