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Abstract— A haptic device which can provide force and
torque outputs is preferred in teleoperation, virtual reality, etc.
The dilemma for researchers is that such a haptic device is not
easily accessible: the commercial products are expensive to buy,
while the state-of-the-art research prototypes are difficult to
reproduce outside the original laboratories. This paper presents
the design and preliminary experimentation of a haptic device,
the CombX, with both force and torque outputs. The CombX is
constructed from two TouchX haptic devices that only generate
force outputs at their styluses. Since the TouchX’s original stylus
does not allow effective connection between two TouchX devices,
a new stylus is carefully designed and fabricated via 3D printing,
to replace the original styluses. An optimization for determining
the arrangement of the two TouchX devices was performed to
maximize the workspace. Positioning precisions and orientation
workspace of the CombX were experimentally examined. The
future work mainly includes the calibration and
characterizations of the CombX’s force and torque output
capabilities, in order to fully verify the effectiveness of the
proposed idea.

I. INTRODUCTION

Haptic devices are utilized for generating kinesthetic
interaction between a user and real/simulated environments.
Via forces, vibrations and/or motions, the haptic device can
recreate the touch sense to the user. Their specific uses would
affect their forms and involve different theoretical foundations
[1]. A haptic device is often used at the master side in
teleoperation systems to sense the positions and orientations of
its end effector as well as provide kinesthetic interactions with
the operator.

According to the abilities of the sensing inputs and the
force-torque outputs, the existing haptic devices that may be
applied in teleoperation tasks can be classified as follows.

e 3-in-3-out designs: they measure 3-DoF (Degree of
Freedom) inputs (usually positions) and provide 3-DoF
outputs (usually forces). Commercial products include the
delta.3 and the omega.3 devices (Force Dimension), and
the Novint Falcon (Novint Technologies). Research
prototypes include the joystick mechanism [2], the
DELTA-R device [3] and the SHaDe device [4] that senses
the orientation and generates torque outputs.
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e 06-in-3-out designs: they sense 6-DoF inputs (positions and
orientations) and provide 3-DoF outputs (usually forces).
The Touch and TouchX devices (3D Systems) and the
omega.6 device (Force Dimension) are popular products.

e O6-in-n-out designs: they measure 6-DoF inputs and
generate multi-DoF outputs (some or all forces and torques
components). Early research prototypes include the haptic
devices [5, 6] with hybrid serial-parallel structures. The
products include the delta.7 and sigma.7 devices (Force
Dimension) and the Phantom Premium (3D Systems).
These products are relatively expensive. On the other hand,
researchers developed many 6-in-n-out devices, such as the
haptic pen [7], the VISHARDG [8], the PATHOS-II [9], the
haptic cobot [10], the modified DELTA-R device [3], the
pinch—grasp haptic interface [11], and the VirtuaPower
device [12].

Please note that an addition end effector, such as a gripper,
can always be integrated to the stylus of a haptic device,
leading to the increase of the number of the device’s DoFs.
This additional DoF is not counted in the above classification.

Teleoperation applications prefer 6-in-n-out haptic devices
since they give the operator a realistic sense of the external
wrenches. However, these 6-in-n-out devices are not easily
accessible, because the commercial ones are usually expensive
(unit price above USD $50,000) and it is difficult to reproduce
the research prototypes outside the laboratories where the
devices were originally developed.

The design of a cost-effective 6-in-5-out haptic device, the
CombX, is hence proposed in this paper. As shown in Fig. 1,
the CombX is constructed from two TouchX devices (3D
Systems). The core motivation is to introduce a haptic device
which has relatively high cost-performance and is still
relatively simple to build. What’s more, the CombX device
with this serial-parallel hybrid structure can probably better
achieve a proper balance between the workspace and stiffness,
since a serial-structured haptic device usually has a larger
workspace and a parallel-structured haptic device has better
stiffness and force output capability.

Referring to Fig. 1, the CombX consists of two TouchX
devices to provide force and torque outputs, while each
TouchX device only generates force outputs. The TouchX’s
original stylus does not allow effective connection between
two such units. A new stylus was carefully designed and
fabricated via 3D printing, to replace the original styluses and
connect the two TouchX devices. The arrangement of the two
TouchX devices was optimized to maximize the CombX’s
workspace.

Similar ideas of combining two Novint Falcon devices or
two Omni devices to provide 5-dimensional wrench outputs
were reported in [13] and [14] respectively. The connection
and the arrangement were not optimized and the resultant



workspace can hardly satisfy the requirements of a
teleoperation task. An optimized design of combining two
Omni devices was proposed in [15]. However, the optimized
arrangement often interfaces with the operator’s arm and made
the device’s use inconvenient. Furthermore, the TouchX has a
better force output capability than that of the Omni device so
that the CombX would have better output performances. It is
expected that the CombX would find applications in
robot-assisted  surgeries, virtual reality, and other
human-machine interactions.

TouchX

Figure 1. The CombX device: (a) the original stylus, and (b) the new stylus

This paper is organized as follows. The design construction
of the CombX is described in Section II. Section III presents
the kinematics model and the arrangement optimization of the
CombX device. Preliminary experimental characterizations are
elaborated in Section IV, with the conclusions and future work
summarized in Section V.

II. SYSTEM DESCRIPTION OF THE COMBX

A TouchX has six revolute joints: three proximal ones are
active while the three distal ones are passive. It can generate a
force at its Gimbal center using its three active joints. Then the
orientation of its stylus with respect to the Gimbal center, as
indicated in Fig. 1(a), is sensed by the three potentiometers in
its distal joints.

Referring to Fig. 1(b), when two TouchX devices are
connected, each TouchX exerts a force at the Gimbal center of
the new stylus, resulting in a 3-dimensional force output and a
2-dimensional torque output. The torque component about the
axis of the new stylus cannot be generated.

Since the CombX is constructed from two TouchX devices,
its workspace heavily depends on how the two TouchX
devices are connected. It is clear that the orientation workspace
of the CombX will be more severely restricted by the
TouchX’s workspace, if the two gimbal centers, indicated in
Fig. 1(b), are located further apart.

In theory, if the two gimbal centers coincide, the CombX’s
orientation workspace will not be affected. But due to practical
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limitations, the distance L between the two gimbal centers is
designed as 40 mm as shown in Fig. 3.

In order to minimize the modifications to the TouchX
devices, it was decided that the 1% TouchX would be
responsible for sensing the position and orientation of the
CombX’s new stylus. Hence, only a part of the original stylus
was removed, reserving the 6™ potentiometer to be connected
with the new stylus, as shown in Fig. 2.

The 2™ TouchX is expected to cooperate with the 1 one to
generate force and torque outputs. And the orientation sensing
of the 2™ TouchX’s stylus is no longer needed for the CombX.
Therefore, its distal structures were disassembled. An arch fork
and a shaft sleeve were used for connecting with the new
stylus.

The new stylus hence includes a handle for housing all the
electric components of the two TouchX devices, a clutch
trigger, a pair of pinch triggers, a shaft sleeve, an arch fork, etc.

Pinch
triggers

Potentiometer

Figure 2. The cutaway-view of CombX

There is a button board in the TouchX’s original stylus.
Hence the handle of the new stylus will house the two button
boards, and the two potentiometers of the 2" TouchX. Please
note the integrity of the TouchX’s electrics system is fully
preserved.

The clutch trigger is spring loaded. Once pulled, a
push-key button will be pressed by the clutch trigger. If the
CombX is used in a teleoperation, this clutch trigger can be
used to establish or cut off a connection with the remote
system. A pair of pinch triggers is installed to the axes of a pair
of meshing gears. Then, the opening angle of the pinch triggers
can be sensed by one potentiometer that is originally inside the



2" TouchX device. The reading from this potentiometer can be
used to control the opening angle of a gripper in the remote
manipulator during teleoperation.

The shaft sleeve is installed on the shaft of the new stylus
as shown in Fig. 2. The shaft sleeve can also rotate freely with
respect to the arch fork. The arch fork is connected with the 4™
potentiometer of the 2™ TouchX device. It was designed to
have a rotation range as large as possible for the handle and the
shaft sleeve.

Relative positioning of the two TouchX devices is
determined via an optimization as in Section III.C. Referring to
the relative positioning, the CombX is mounted on an acrylic
board, as shown in Fig. 5.

III. MODELING AND OPTIMIZATION OF THE COMBX

A. Nomenclatures and Coordinates
As shown in Fig. 3, the kinematics of the CombX is
described by the following coordinates.
e World Coordinate {(W}=1x,,,y,,Z,} is located at the
base of the CombX.

 TouchX Device Coordinates {Dij}={X,;.¥ p;»Zp;} (=1,

2;,j=0,1,2,-, 6) are assigned to the base or thej”' link of
the i TouchX device according to the Denavit-Hartenberg
rules as shown in Fig. 3(b). The XY-plane of the World
Coordinate {//} is coplanar with the XY-plane of the

TouchX device base coordinate {Di0} . In Fig. 3(b), the Y
axes of the {Dij} are hidden to display the coordinates
clearly.

e Handle Coordinates {H}={X,,y,.z,} is assigned to
the CombX’s handle of the new stylus. The {H} is
parallel with the {D16} and located at ®/°p,; = [0 mm 0
mm L/2 mm]” in {DI16}. L is the distance between the
origins of {D16} and {D26}.

B. Maintaining the Integrity of the Specifications

As shown in Fig. 3(b), the kinematics of one TouchX
device can be easily described by assigning seven coordinates.
Referring to the Denavit-Hartenberg rules, the homogeneous
transformation matrix of the adjacent coordinates is as follows.

Di(j~1)p

Dij

|:Di(j—1)R

Di(j-1)
i Plii=1,2,j=1,2,+,6(1)
0l><3 1

cos —sing; 0
Di(j-1) o .
Where R, =|sing, coser, , cos@;coser;, | —sine, |

sing;sinr, | cos@,sine, , cosa;
Di(j-1 . T
and U )p=|:aj_] —d;sine, | d, cosaj_l] .

The kinematics of the TouchX devices from {Di6} to
{Di0} can be formulated in (2).
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Figure 3. Coordinates assignment: (a) coordinates of the CombX, and (b)
coordinates of one TouchX device

Because the 1* TouchX is utilized for sensing the position
and orientation of the new stylus, the handle coordinate {H}

is described in the 1* TouchX device base coordinate {D10} .
The transformation matrix from {H} to {D10} is as in (3).

D16
DIOTH - DIOTDI6 .Baxz IPH} (3)
1x3

The detailed Denavit-Hartenberg parameters of one
TouchX device are shown in TABLE 1.

TABLE L DENAVIT-HARTTENBERG PARAMETERS OF THE TOUCHX
Parameters and Value Ranges
Index j
i i1 d; b;

1 0° 0 120mm 8. €[-53°,53°]

2 -90° 0 0 8, € [-100°, 0°]

3 0° 135mm 0 6;€[110°,235°]

4 90° 0 132mm 84 €[-126.5°,126.5°]
5 -90° 0 0 05 € [-137°, -4°]

6 90° 0 0 s € [-150°, 150°]




C. Optimized Arrangement of the Two TouchX Devices

The arrangement optimization to efficiently utilize the
TouchX devices’ translational workspace determines their
relative positioning with respect to each other. For the
convenience in assembly and use, the two TouchX devices are
assumed to be placed on the same plane and the X, and X,,,

are intersected at the origin of {/#'} . The distance between the
origins of {W} and {D10} is equal to the distance between
those of {W} and {D20} . {D10} is parallel with {#} and

the X, is coaxial with X,, . Then two arrangement

parameters describes the relative position as follows: 1) r: the
distance between the origins of {#} and {D10} or {D20},

and 2) p~ the rotational angle from {D20} to {D10} .

The optimal arrangement was implemented to obtain the
relative position of the TouchX devices with the largest
workspace of the CombX. To quantify the CombX’s
workspace, the number of the valid poses of {H} is counted

for every pair of the » and p values. For the given  and p, the
valid pose of {H} for the CombX satisfies two conditions: 1)

The corresponding position {D16} can be obtained with
respect to the given {H} . For this {D16} pose, the joints
values of the 1¥ TouchX device are within the joint ranges. 2)
The corresponding origin position of {D24} can be calculated
with respect to the given {H} . The origin position of {D24} is
located in the workspace of the 2" TouchX device.

The positions to be tested are uniformly distributed within
a cubic volume of 600 mm x 600 mm x 600 mm whose center
is located at the origin of {/#'} with the intervals of 2 mm in the

XYZ directions of {i} . At every test position, the orientations

are iterated by a yaw angle and a pitch angle in increments of
1°. For the given position and orientation of {H} , the

corresponding position of {D16} and {D24} can be

calculated. Then the validness is checked, and the valid pose is
counted for the current » and p. Under such quantification of
the CombX workspace, the optimal configuration possesses
the most valid poses.

With the aforementioned quantification of the CombX’s
workspace, the optimization for maximizing the number of
CombX’s valid poses was carried out to determine the
CombX’s arrangement parameters, as shown in (4).

“

[, 7] = argmax(PoseNumy,,,\ (7, 7))
r,}’

Where PoseNum,,,, (r,7) is the number of the valid poses

with the given  and .

The arrangement parameters of the CombX,  and y; are set
within [100 mm, 400 mm] and [60°, 120°] respectively. The
relative angle was expected within [60°, 120°], because
enough space shall be reserved for the user’s hand to
manipulate the handle.

The simulannealbnd function in MATLAB for simulated
annealing algorithm was used to solve the arrangement
optimization. The initial values of [r, 7] = [200 mm 90°] are
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used. The results from the simulannealbnd function were [7, ]
= [149.4]1 mm 119.99°] with 955714 wvalid poses. For
simplicity of the construction, the two TouchX devices
arranged according to the parameters of [r, 7] = [150mm 90°]
with 936613 valid poses. Since this number of the valid poses
is close to the optimum (98% of the optimum), these two
values were assigned to the arrangement of the CombX. The
workspace of the CombX is then plotted in Fig. 4. A rated
workspace of the CombX with a size of 160 x 160 x 160 mm”
is located at [0 mm 0 mm 150 mm]” in {W} .

Rated
workspace CombX

1 TouchX workspace
_ 200
g
£
N
w 100

o

200
=200

100
ol 2™ TouchX

Axis Y {(mm)

-100

Axis X (mm)
100 =100

Figure 4. Workspace of the CombX

With the relative position of the TouchX devices
determined, the complete kinematics of the CombX can be
derived. The base of the 1¥ TouchX device {D10} is located at

"ppio = [-150 mm 0 mm 0 mm]” in {#}, while the 2™ base
{D20} is placed at "ppy = [0 mm 150 mm 0 mm]” in {7} .
Then the homogeneous transformation matrix linking {H}
and {//'} can be obtained as in (5).

WTI[ — |:st3 WpD10:|_ DIOTH (5)

01><3

IV. PRELIMINARY EXPERIMENTATIONS

In this section, the preliminary experimentations for
quantifying the precision of the translational and orientation
workspace were carried out to demonstrate the effectiveness of
the CombX.

The experimentations of positioning precision were
conducted first. As shown in Fig. 5, the new stylus of the
CombX was held and manipulated by a 6-DoF Denso
manipulator inside the CombX’s workspace. The Denso
manipulator can generate the steady and repeatable motions to
facilitate the experiments.

The motions of the Denso’s end effector and the CombX’s
new stylus were measured as follows. Two markers were
attached to the handle and the base of the CombX respectively.
Then a tracker (Micron Tracker SX60 from Claron



Technology Inc.) was utilized to detect the positions and
orientations of the markers in {#} .

The position precision was verified as follows. The Denso
manipulator was commanded to move the CombX’s handle in
the XYZ directions in {//} respectively. Via the APIs

(Application Programming Interfaces) of the TouchX devices,
the joint values of the 1% TouchX device can be obtained.
Then, the position and orientation of the CombX’s handle can
be calculated using (5). Figure 6(a) illustrates these calculated
positions of the handle, while Figure 6(b) shows the errors
between the actual positions and the calculated positions. It can
be seen that these position errors are mostly under 0.10 mm.
The datasheet shows that the position resolution of the TouchX
device is 0.023mm. The tracker’s tracking errors might
contribute to the errors.

Denso I
manipulator g

e

N

CombX’s handle g ey,

Figure 5. Pose read-outs of the CombX held by a Denso manipulator

Next, the motion capability on the rated workspace of the
CombX is demonstrated. The Denso manipulator was
commanded to move the handle of the new stylus on the edges
of the CombX’s rated workspace. The actual positions of the
CombX’s handle were read by the optical tracker, while the
calculated positions were obtained via the joint values from the
APIs and the kinematics in Section III. As shown in Fig. 7, it is
clear that the CombX has good positioning precision within the
rated workspace, because it is commonly considered that the
points on the boundaries of the workspace have worse
precision.

In the characterization of the orientation capabilities of the
CombX, solid angle (in steradian) is applied to quantify the
CombX’s reachable orientations at different positons (Points A
to L in Fig. 9) inside the rated workspace. The reachable
orientation is the direction reached by the CombX handle axis
Z,, . The aforementioned solid angle is obtained as follows.

The CombX’s handle is maneuvered and oriented
passively by the Denso manipulator to different directions, and
its position is maintained at the desired position, as shown in
Fig. 8. A six-dimensional force sensor (Nanol7 from ATI
Industrial Automation Inc.) was utilized to confirm the
orientation reachability. The reachable direction should satisfy
the following conditions: i) the position of the CombX’s
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handle was at the desired point; ii) the forces and the torques
measured by the Nanol7 were smaller than 0.5 N and 50
mNm. When the orientation is quantified, large forces or
torques measured by the Nano 17 sensor always means
structural interferences or motion limits were encountered.

(a)| 50 % Calculated T T
0 Tracked g
-50@ 3 I I L L g
-60 -40 -20 0 20 40 60
E Commanded positions of X axis (mm)
E 50| * Calculated T T £
2 9 Tracked :
o
% -50W | 1 | 1 e
4 -60 -40 -20 0 20 40 60
Commanded positions of Y axis (mm)
50 *  Calculated T i N
0 Tracked 1
-50 m— | ! | ! =
-60 -40 -20 0 20 40 60

Commanded positions of Z axis (mm)

(0)]o1 ] -
O -

01 i i I . . ]
T -60 -40 -20 0 20 40 60
£ Commanded positions of X axis (mm)
g o1 F . : : . : .
5 0 \
@ -0.1L I i I I I ]
§ -60 -40 -20 0 20 40 60
8 Commanded positions of Y axis (mm)
[-9

-60 -40 -20 0 20 40 60
Commanded positions of Z axis (mm)

Figure 6. Experimental results: (a) actual and calculated positions, and (b)
positions errors

Rated workspace

250 * Trajectory

200 -

Axis Z (mm)
-
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o

100
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-100

100

0
. 0
Axis X (mm) 100 -100 Axis Y (mm)

Figure 7. Motion capability experimental results on the rated workspace

The directions can be parameterized by a yaw angle and a
pitch angle in increments of 1°. As shown in Fig. 9, the red



patches are the reachable directions of the representative
Points (A to L). The center of the rated workspace has the
largest orientation workspace (7.04 sr). The original

orientation workspace of the TouchX device is 7.07 sr.

250 4
T~
G:4.32sr —— E:7.02sr
200 ||
£
£ T B:7.03sr
; 150 —
o T A:7.04sr
é n D: 6.71 st
C:5.62 sr .
J: 6.98 sr
K: 348 Sr ?==
D — 1: 7.01 sr
100 T
L:4.01 sr
0 -100
Axis X (mm) o
-100 400 Axis Y (mm)

Figure 9. Experimental quantification of the orientaion workspace

V.CONCLUSIONS AND FUTURE WORK

In order to facilitate the accesses to the haptic devices with
both force and torque outputs, the CombX design is proposed.
This paper presents the design, construction, arrangement
optimization, and preliminary experimentation for the position
and orientation workspace of the CombX.

The key innovation is the design of a new stylus to replace
the original styluses and connect two TouchX devices. The
new stylus was easily fabricated via 3D printing. And most
importantly, the integrity of the electronics system of the
TouchX devices is fully reserved. The easy-to-use APIs and
the product grade reliability facilitate the use of the CombX
device in teleoperation tasks. With the two TouchX devices
optimally arranged, the CombX fully utilizes the capabilities of
the TouchX devices.

Preliminary experiments showed that the CombX has a
rated workspace of 160 x160x160 mm’ with a position sensing
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accuracy of 0.10 mm. The orientation workspace is up to 7.04
ST.

Next, the wrench outputs specifications of the CombX
would be characterized via extensive experimentation in the
near future. With the capabilities fully demonstrated, the
CombX could become a cost-effective option for haptic
devices with both force and torque outputs.
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