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Abstract—A haptic device with both force and torque outputs
is essential in teleoperation applications. However, researchers
do not have sufficient access to such a haptic device due to the
facts that the commercially available ones are usually expensive
and the state-of-the-art research prototypes are not readily
reproducible outside the original laboratories. This paper
presents the design and preliminary experimentation of the
CombOmni, a haptic device with both force and torque outputs.
The CombOmni is constructed from two Sensible Omni haptic
devices for teleoperation tasks. The Omni device only provides
force outputs and its original structure doesn’t allow effective
connection between two such units. With minimal modifications
and a carefully designed stylus, the CombOmni could be easily
built. Kinematics-based design optimizations and the system
construction are presented. With the effectiveness of the
proposed idea demonstrated via calibration and experimental
characterizations in the near future, the CombOmni could
become a viable option for a haptic device with both force and
torque outputs in a cost-effective way.

[. INTRODUCTION

APTIC devices reproduce kinesthetic and tactile

sensation between an operator and real/simulated
environments. Their forms and theoretical foundations could
be very different depending on their specific uses [1]. In
teleoperation applications (e.g., robotic surgery), a haptic
device on the master side realizes kinesthetic interactions,
sensing the kinematic status of its end effector (e.g., a
hand-held stylus), while generating programmable and agile
wrench outputs (preferably including both force and torque
components).

Examining the existing haptic (kinesthetic) devices that
can be used for teleoperation, categorization regarding the
core function is proposed as follows. It should be noted that
an additional end effector (e.g., a gripper) could always be
incorporated, resulting in increased number of the device’s
DoFs (Degrees of Freedom). But the additional DoF is not
taken into consideration in the presented categorization.
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Alternative categorization concerning the control method can
be found in [2].

e 3-in-3-out devices sense 3-DoF inputs (usually positions)
and generate 3-DoF outputs (usually forces). Commercial
examples include the Novint Falcon (Novint Technologies),
the delta.3 and the omega.3 (Force Dimension). Examples
from academia include the joystick mechanism [3], the
DELTA-R device [2], the SHaDe device [4], etc. The
SHaDe device only has rotational DoFs and deals with
orientation inputs and torque outputs.
6-in-3-out devices sense 6-DoF inputs (positions and
orientations) and generate 3-DoF outputs (usually forces).
Commercial examples mainly include the Omni device
(now GeoMagic Touch) and the omega.6 device (Force
Dimension). A representative research prototype is the
laparoscopic interface [5].
6-in-n-out devices sense 6-DoF inputs (positions and
orientations) and generate multi-DoF outputs (usually
forces and torques components). Early examples include
the designs using hybrid serial-parallel structures [6, 7].
Then the delta.6, delta.7 and sigma.7 devices (Force
Dimension), as well as the Phantom Premium (GeoMagic)
have emerged as commercial products. But they are
substantially more expensive than the 6-in-3-out products.
Recent research prototypes include the haptic pen [8], the
VISHARDG [9], the PATHOS-II [10], the haptic cobot [11],
the modified DELTA-R device (equipped with a 3-DoF
rotation mechanism) [2], the CU haptic interface [12], the
pinch—grasp haptic interface [13], and the VirtuaPower
[14].

Among the existing haptic devices, serial structures are
used usually for enlarged workspace, while parallel structures
are used for increased stiffness and force output capability.
Serial-parallel hybrid structures were also utilized to achieve
a balance between proper workspace and adequate stiffness.

6-in-n-out devices are preferred in teleoperation tasks since
they generate both force and torque outputs, possibly leading
to more faithful interaction between the operator and the
haptic device. However, researchers do not have sufficient
access to them due to the following reasons. The 6-in-n-out
products (usually above USD $50,000 per unit) are
substantially more expensive than the 6-in-3-out ones
(around USD $ 3,000 per unit), while the state-of-the-art
research prototypes are not readily reproducible outside the
original laboratories.

This paper hence proposes a convenient solution for the
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CombOmni, for teleoperation tasks, combining two Sensible
Omni devices (now called GeoMagic Touch), as shown in
Fig. 1. The core motivation is to provide a cost-effective
option that is still relatively simple to achieve for researchers
who prefer 6-in-n-out haptic devices. The CombOmni is
developed with in mind its application in robot-assisted
surgeries. It could certainly find applications in other
teleoperation tasks.
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Fig. 1. The constructed CombOmni device: (a) the original stylus, and (b) the
new stylus

The CombOmni uses two Omni devices that only provide
force outputs. And the original structure of the Omni device
doesn’t allow effective connection between two such units.
Hence the core contributions of this paper lie on the design
and kinematics-based optimization of the new stylus that
enable effective connection between two Omni devices. The
new stylus can be easily printed and installed with minimal
modifications to the Omni devices. A similar idea was
proposed to use two Novint Falcon devices to provide
5-dimensional force output [15]. Another similar setup using
two Omni devices for a master device is in [16]. The
CombOmni used an extensively optimized connection to
substantially improve its workspace.

This paper is organized as follows. Section II presents the
design overview and the kinematics-based optimization of
the CombOmni device. The construction of the stylus and the
system infrastructure is described in Section III. Preliminary
experiments are reported in Section IV, with conclusions and
future work summarized in Section V.

II. DESIGN AND OPTIMIZATION OF THE COMBOMNI

Since the CombOmni consists of two Omni devices,
primary attention was directed to the connection between the
two units, in order to effectively utilize the given workspace
of one Omni device. Other specifications of the CombOmni,
such as resolutions, sampling time, stiffness, force output
ranges, etc., would primarily depend on the original
specifications of the Omni device.

As explained in the kinematics sections, the Omni device
consists of six revolute joints. The proximal three joints (&,
6, and G;) position the gimbal center, while the distal three

joints (84, 65 and by) orient the stylus, as shown in Figs. 1
and 2. If the original styluses of the two Omni devices are
directly connected, the CombOmni would have very limited
workspace due to the limited motion ranges of the two distal
joints (8, and &;s5) of the Omni device. A kinematics-based
optimization is hence presented in Section II.C for the design
of a stylus elbow that better utilizes the joint ranges of the
Omni device.

With the stylus elbow designed, the two Omni devices
could be connected more effectively. Then another
optimization is presented in Section I1.D for determining the
relative positioning of the two Omni devices to form the
CombOmni.

A. Nomenclatures and Coordinates

As shown in Fig. 2, the following coordinates are defined
to describe the kinematics of the CombOmni.

® World Coordinate {W}={X,,y,,Z,} is located at the
base of the CombOmni, between the two Omni devices.

® Omni Device Coordinates {Dij} ={Xp,;, ¥ p;» 2} (= 1,
2,j=0,1,2, -, 6) are assigned to base and thej’h link of
the /" Omni device according to the Denavit-Hartenberg
rules.

® Stylus Elbow Coordinates {Sik} = {Xg;,Ysu»Zsut (=1,
2; k=1, 2) are assigned to the stylus elbow that is installed
on the i Omni device.

® Handle Coordinates {Hi} ={X,;,¥ ;;»Z,;} (i = 1, 2) are
assigned to the CombOmni’s stylus handles that are
rotatable on the i Omni device, respectively.

Fig. 2. Coordinates assignment: (a) coordinates of the CombOmni, (b)
coordinates of one Omni device, (¢) coordinates of the stylus elbow and the
stylus handle
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B. Kinematics of the Omni Device

As shown in Fig. 2(b), the kinematics of one Omni device
can be easily described by assigning seven coordinates
referring to the Denavit-Hartenberg rules. For clarity in the
visualization of the coordinates in Fig. 2(b), the Y axes are
hidden. The homogeneous transformation matrix that relates
the adjacent Omni Device Coordinates is as follows.

. Di(j-1) Di(j-1)
o, | Ro R e e 12,6 (1)
01><3 1
cos 6, —sing, 0
Where PV R, =|sing, cose, | cosb,;cosar; | —sine,

sing, siner, | cos@;sine, , cosc,

and Di(j*l)p=[a_/._1 -d;sine,, d, cosaj_l]T.
The homogeneous transformation matrix from {Di6} to
{Di0} is obtained as in Eq. (2).

6
DiOTDjé =H D[(j—J)TD” Ji=1,2,j=1,2,6 )
j=1

The detailed Denavit-Hartenberg parameters of one Omni
device are shown in the TABLE I. It is worth noting that the
8., and G;s joints have limited ranges while the & joint has the
biggest rotation range.

TABLEI
DENAVIT-HARTTENBERG PARAMETERS OF THE OMNI DEVICE

Parameters and Value Ranges
Index j o, a., dj 01‘,'
1 0° 0 135mm 6 € [-55°,55°]
2 -90° 0 0 6 € [-101°,0°]
3 0° 137mm 0 65 €[108°,223°]
4 90° 0 137mm G4 €[-133°,133°]
5 -90° 0 0 G5 [-154°,-17°]
6 90° 0 0 G € [-146°, 146°]

C. Design and Optimization of the New Stylus

Two Omni devices are connected to construct the
CombOmni. An intuitive connection is to simply connect the
original styluses coaxially, as shown in Fig. 3. One could
soon find out that this connection is far from the optimum.

Orientation of the axis of the original stylus is determined
mainly by the &, and ;5 joints (affected by the &;;, 8, and G;
joints). The joint motion ranges are listed in Table I. Then the
reachable orientations of the axis of the original stylus in the
view of {Di3} could be visualized in Fig. 3(a). The red area is

reachable.

If the original styluses are connected coaxially, this limited
reachable orientation range would severely limit the
workspace of the CombOmni.

It is highly preferred that the axis of the new stylus could
be oriented arbitrarily, when the new stylus is used to connect
two Omni devices.

For this reason, the stylus elbow is introduced in the new

stylus design, as shown in Fig. 2(a). As shown in Fig. 2(c),
the axis of the original stylus (Z,, ) is rotated to the axis of
the new stylus ( Zg;, ) by two rotations of J, and 6.

Referring to Fig. 2(c), the J; angle is the rotation angle
from {Di6} to {Sil} about their shared X axes (X,,; = Xg; )-
The J, angle is the rotation angle from {Si/} to {Si2} about
the shared Y axes (¥g,=Ys, ). The Zg, axis coincides with
the new stylus handle axes (Z,;,=Z,;, ).

The introduction of the stylus elbow is the key design idea.
With the stylus elbow, the stylus axis now depends on not
only 8, and g5, but also . Essentially, the g joint range is
now utilized so that the axis of the new stylus can be

arbitrarily oriented. Then the axis of the new stylus is
addressed to have so-called omnidirectional reachability.

Fig. 3. An intuitive yet less optimal connection between two Omni devices:
(a) the reachable orientations (in red) of the axis of the original stylus

Infinite pairs of the J; and J, angles would enable the
omnidirectional reachability of the axis of the new stylus. An
optimization is hence carried out as follows to determine the
0; and 0, values.

With the stylus elbow, the coordinate transformation

matrix ””R,, is written as in Eq. (3). "R, could also be
parameterized by the ZYZ Euler angles (¢;, ¢,, and ¢;) as in
Eq. (4).

"R =""R 5 (64, 65,65)R< (9)Ry () 3)

e R;,=R: (¢, )Rﬁ (¢,)R(9,) 4)

Where "°R,,, can be extracted from Eq. (2); R, R; and

R. are simple rotations about the X , §¥ and Z axes

respectively.

Omnidirectional reachability of the axis of the new stylus
depends on the J, and J, angles. For a pair of given J, and J,
values, it means that there always exist a set of the &, 85 and
O values within their joint limits for arbitrary ¢; and ¢,
values. Then the optimization for determining the J; and 9,
values maximizes the averaged ¢; range over the entire ¢,
and ¢, ranges. The implementation is as follows in an
enumerative manner.

The J; and o, values are varied within [-90°, 90°] in
increments of 1°. Then for a pair of the ¢, and J, values, the
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@, and @, values are varied in increments of 5° to generate all
possible directions of the axis of the new stylus. The J; and J,
value pair is admitted only if for each axis direction generated
by the ¢; and ¢, angles, there exists at least one ¢; value
under which the 8., ;5 and G4 values obtained from Eq. (5)
are within their joint limits.

PR (8,656, ®)
=R. (¢ )R)z ()R (¢, )Ry (=6,)R;(=6))

Then the averaged range of the ¢; angle in all the axis
directions generated by the ¢, and ¢, angles are plotted in
Fig. 4 with respect to the J; and J, values.

It can be seen from Fig. 4 that there are four optimal
scenarios. They are equivalent since they are symmetric in the
plotting coordinate. Then the scenario of 6/ = 37° and 62 =
-37° is adopted. In this optimal scenario, the averaged ¢;
value is 202.1°.
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Fig. 4. Design optimization of the stylus elbow
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D. Optimized Arrangement of the Two Omni Devices

With the help of the stylus elbow, the new stylus axis can
now be arbitrarily oriented. Due to the fact that the 8, angle is
partially used to orient the stylus axis, the new stylus has a
reduced rotation range about its own axis. Hence an
additional joint is added between the stylus handle and the
stylus elbow. The mechanism is explained in Section III.

The handle coordinate {Hi} is attached to the stylus

handle which is installed on the stylus elbow of the i Omni
device, referring to Fig. 2(c). {Hi} is rotated from {Si2} for

an angle of 8y;. {H1} and {H2} share their Z axes and the
origins. The origins of {Hi} is now the input point of the
CombOmni, while the orientations of {H/} and {H2} could

simulate the jaws of a medical instrument in a robotic surgery.

It is obviously desirable that the length of the new stylus
(distance between the gimbal centers of the two Omni devices)
is shorter in order to generate bigger workspace of the
CombOmni. As explained in Section III, the distance is set
80mm, considering the necessary components and avoidance
of interference.

The next optimization determines the relative positioning
of the two Omni devices, in order to better utilize their given
workspace. For the sake of convenience in assembly and use,

the two Omni devices are assumed to be placed face-to-face
in the X, direction on the same plane. Then three

arrangement parameters should be determined: the relative
positioning (p, and p,) and orientation () of the 2" Omni
device with respect to the /* one.

With the stylus elbows and the stylus handles installed, the
workspace (W-1) of the /* Omni device concerning the
gimbal center of the 2" Omni device, in {D10}, is firstly

generated, scanning the joint space of the /* Omni device.
Then the workspace (W-2) of the 2™ Omni device
concerning its own gimbal center, in {D20} , is generated.

Moving the 2" Omni device also translates and rotates its
workspace at the same time. When the 2" Omni device is
placed with respect to the 7* one, the size of the overlapped
volume of the workspace W-1 and the mobilized workspace
W-2 could be obtained. The arrangement of the 2" Omni
device with respect to the I* one is determined when the
overlapped workspace volume reaches its maximum.

The py, p, and y values are enumerated within [200mm,
500mm] and [0°, 180°] in increments of 20mm and 10°. The
overlapped workspace is maximized when [p, p, ] = [360mm
Omm 180°]. The workspace of the CombOmni is then plotted
in Fig. 5.

Workspace W-2

I Workspace W-1

Axis Z (mm)
N
(=)
o

Overlapped Workspacel

=200 0 200
: =200
Axis Y (mm)

Axis X {(mm)
Fig. 5. Workspace of the CombOmni

With the arrangement of the 2"/ Omni device with respect
to the /* one determined, the complete kinematics of the
CombOmni can be detailed as follows.

The base of the /* Omni device {D10} is located at"ppy

=[-180mm 0 01" in {W} , while the 2"/ one {D20} is placed at
"po2 =[180mm 0 01" in {W} . X,,, and X,,, are in the

opposite directions.
Then the homogeneous transformation matrix of {HI} in

{W} could be obtained as in Eq. (6).

1 w RA(H ) SlZp
v =[x Popio | plop | R: (0 H1
Hl |:01><3 l S 01><3 1 (6)
R:(6)R;(3,) 0,
0 1
rotation angle between {S/2} and {HI}. 6y, is measured by

Where DIOTSIZ—DIOTDM-{ } , Oy is the

1x3

the rotary potentiometer as explained in Section III.
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Similarly, the handle frame {H2} is attached to the inner
handle. The transformation matrix could be derived as in (7).

WTH2 _ {R(; (7) Wplpzo :| . DZOTszz ) {Rg (ﬁ()]Rz 6, 522{)1” } (7)
1x3 1x3

Where 6y, is the rotation angle between {S22} and {H?2},

R (3)R;(5,) 0}

and P, =DP0p .
522 D26 0 1

13

III. SYSTEM DESCRIPTION OF THE COMBOMNI

The CombOmni consists of two Omni devices whose
relative positioning is determined as in Section IL.D.
Referring to the relative positioning, an acrylic board was
firstly cut to mount the two Omni devices.

The original stylus of the Omni device can be easily
unplugged as shown in Fig. 6(a). Apparently a 6.35mm stereo
audio jack plug was used to connect the original stylus. Since
the distance between the two gimbal centers should be as
short as possible to increase the workspace, this connector
was hence shortened as shown in Fig. 6(b), in order to reduce
possible motion interference.

6.35mm stereo
audio jack plug

Fig. 6. Modification of the Omni device for connection: (a) original stylus
connector, and (b) shortened stylus connector

The new stylus was used to connect the two Omni devices.
It consists of two stylus elbows, two stylus handles, two
potentiometers and a couple of miscellaneous components.

The stylus elbow is installed on the shortened stylus
connector that is shown in Fig. 6(b). A screw is tightened to
lock the stylus elbow on the connector, as shown in Fig. 7.

Then the following components are assembled axially on a
@2mm central shaft, referring to Fig. 7(a): a pair of miniature
bearings, a cover plate, a potentiometer (muRata SVO1A1),
the stylus elbow, the stylus handle, a torsional spring, the
other stylus handle, the other stylus elbow, a second
potentiometer, a second cover plate, and a second pair of
miniature bearings. Two nuts are tightened on the two ends of
the shaft to axially fix all the components.

The stylus elbow provides housing for the potentiometer
that is retained by the cover plate. A channel is reserved in the
stylus elbow to pass the wires of the potentiometer. A
D-shaped shoulder is extruded into the potentiometer so that
rotation of the stylus handle will be measured by the
potentiometers. The two measured angles (&y; and 6y)
between the stylus elbow and the stylus handles are necessary

for calculating the kinematics of the stylus handles.

IS .

agnl

: ( a) Stylus Elbow :

1 1

Stylus elbow |1 // 1

i i 1 \ 1
tightening screw . o .
1 1

1 1

1 1

Stylus elbow
tightening screw

Fig. 7. The new stylus of the CombOmni: (a) an exploded view of the
components

A computer (e.g., a desktop PC) would be needed to
connect the CombOmni’s two Omni devices. The connection
is via IEEE 1394 bus. APIs (Applications Programming
Interface) are available from the OpenHaptic™ libraries for
reading the joint values and poses of the Omni devices, as
well as generating programmed forces at the gimbal centers.

In the presented setting, a multi-function card (Advantech
PCI-1710) was plugged into the desktop PC for reading the
voltages of the potentiometers in the new stylus. The ADC
conversion has a resolution of 12 bits. A resolution of 0.08°
could be achieve by reading from the potentiometer.

IV. PRELIMINARY EXPERIMENTATION

To verify the effectiveness of the proposed CombOmni
design, preliminary experimentation was carried out.

As shown in Fig. 8, a Denso manipulator was used to hold
and mobilize the new stylus of the CombOmni inside the
CombOmni’s workspace. The advantage of using a Denso
manipulator over manual movements is mainly that the Denso
manipulator provides smooth, steady and repeatable
movements.

Two markers were attached to the stylus handle and the
base of the CombOmni, respectively. Then positions and
orientations of the stylus handle in {I/} were read by an

SX60 from Claron
of the

optical tracker (Micron Tracker
Technology Inc.). The recorded movements
CombOmni’s new stylus are plotted in Fig. 9(a).
Via the APIs of the Omni devices and the potentiometer
readings, positions and orientations of the stylus handle can
be calculated using Eq. (6). These calculated positions are
also plotted in Fig. 9(a). The errors between the tracked
positions and the calculated positions, characterized as the
reading errors of the CombOmni, are plotted in Fig. 9(b). It
can be seen that these reading errors are mostly under
0.15mm. The position resolution of the Omni device is
0.06mm from the datasheet. The tracking accuracy of the
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optical tracker might have contributed to the measurement
discrepancy.

| | | | | | %
t t t t t t
L I B
0+ - ——F———+——— ot U *  calculated
50+ — - e o Tracked
_ -80 -60 -40 -20 0o 20 40 60 80
£ Commanded positions of X axis (mm)
£ t } t } { ot
;’1007777777 77777 T T T e = —
£ [/ 4 - - = U *  cCalculated
= <100 ., Ea [ Tracked
‘0 ¥ T } } } i T
4 -150 -100 -50 0 50 100 150
) ) (hmmfmded Positiol‘ls of Y ‘axis (m‘m) ) )
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L e e e R R =
100 -~ —— - — = —I— = 7 O k= - T + calculated
i e Tl
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I
-80 -60 -40 -20 0o 20 40 60 80

I
-150 -100 -50 0 50 100 150

Reading errors (mm)

0AF ‘
(b) 20 40 60 80 100 120 140 160 180

Commanded positions of Z axis (mm)

Fig. 9. Experimental results: (a) tracked and calculated positions, and (b)
reading errors

V. CONCLUSIONS AND FUTURE WORK

This paper presents the design, optimization, system
construction and preliminary experimentation of the
CombOmni, a haptic device for teleoperation applications.

The main motivation is to provide an affordable and simple
solution for vast researcher population who do not have
sufficient access to haptic devices with both force and torque
outputs: the products are too expensive and the research
prototypes are difficult to reproduce.

The key design element is the introduction of a stylus
elbow which optimally uses the available joint ranges to

facilitate the connection between two Omni devices. With the
arrangement of the two Omni devices optimized, the
CombOmni fully utilizes the capabilities of the Omni devices.
Extensive experimentation would be carried out to
characterize the specifications of the CombOmni, including
translational and dexterous workspace, force and wrench
output, etc. With the capabilities fully demonstrated, the
CombOmni could become a viable option for a haptic device
with both force and torque outputs in a cost-effective way.
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