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Abstract. Initial calibration tests of a novel hybrid-structured kinesthetic haptic
device based on an R-CUBE mechanism is presented in this paper. Experimental
validation of the kinematics along with the experimental test set-up description is
provided for the manufactured R-CUBE mechanism.

Keywords: haptics, parallel mechanism, R-Cube, kinematic analysis, calibration

1 Introduction

The word Haptic, based on an ancient Greek word, haptesthai, means related
with touch (El Saddik 2007). As an area of robotics, haptics technology provides
the sense of touch for robotic applications that involve interaction with human op-
erator and the environment (El Saddik 2007). The sense of touch accompanied
with the visual feedback is enough to gather most of the information about a cer-
tain environment. It increases the precision of teleoperation and sensation levels of
the virtual reality (VR) applications by exerting physical properties of the envi-
ronment such as forces, motions, textures. Currently, haptic devices find use in
many VR and teleoperation applications such as computer aided design (Ott et al.
2010), entertainment (Faust and Yoo 2006), (Web 2012), education (Kretz et al.
2005), training (Basdogan et al. 2001), rehabilitation (Broeren et al. 2004), nano-
manipulation (Sieber et al. 2008), virtual prototyping (Zhu and Lee 2004) and vir-
tual sculpting (Leu et al. 2005).

Various types of haptic devices are developed, and they are employed in differ-
ent types of tasks. Especially for accurate teleoperation (Hokayem and Spong
2006) and precision required VR applications (Ferreira and Mavroidis 2006), high
precision haptic systems are required with respect to the current commercially
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available haptic devices. In order to meet this precision criterion, a 6-DoF desktop
haptic device, HIPHAD v1.0, was studied and constructed previously (Bilgincan
et al. 2010).

This paper focuses on the validation of mechanism analysis of the R-CUBE
and the initial calibration tests. Next section of the paper is reserved for explana-
tion of the HIPHAD v1.0 properties and kinematics. Later, the experimental test
set-up for initial calibration is described. Finally, the test results are provided in-
cluding the necessary calculation procedure for adaptation of the device in hard-
ware-in-the-loop simulation environment.

2  Properties of HIPHAD v1.0

The device is designated to provide feedback signals to determine the pose of
the tool handled by the user in space, therefore it is configured as a 6-DoF mecha-
nism. Only point-type of contact is considered therefore, the motion and the force
simulating activity of the tool can be grouped as 3-DoF active translational and 3-
DoF passive rotation. The properties of the device designed are listed in Table 1.

Table 1. Properties of HIPHAD v1.0 Design.

Properties of the design

Sensation Type Kinesthetic
Mechanical Structure Hybrid
Control Structure Open-Loop Impedance
Application Type Desktop Device
DoF of Motion 6
Type of Contact Simulation Point-Type of Contact (Forces in 3D)
Continuous Exertable Force > (.8 N in all directions
Nominal Positional Resolution < 0.1 mm
Workspace 120Wx 120Hx 120D
Footprint <200 mm’

In open-loop impedance type haptic devices, due to the random motion of the
operator, no control can be employed to avoid singular positions. Therefore, mo-
tion through singular positions must be restricted. During the design procedure
two singularity conditions are encountered and avoided by necessary precautions
in design. Information on mechanical design can be found in (Bilgincan et al.
2010).
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3 Kinematics Analysis of HIPHAD v1.0

Kinematics of the device can be easily obtained from the sketch representation
of the device in Fig. 1 and Fig. 2.

@) (b)

Fig. 1 Mechanism parameters: (a) CAD model, (b) sketch view

(@ (b)

Fig. 2. () Link and joint parameters (b) Joint limit

The translational motion demand send to the slave system is based on the cal-
culation of the Wr point by utilizing the real-time measurements from the posi-
tions sensors. Thus, direct kinematics is used to calculate the motion demand. In
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Eq. 1, the calculation of the position vector of the tip point, W7, with respect to the
global origin point, O, is described.

3
W,=) W,
Zl o =123 (1)

W, =S8,+1-sin(6,)

The zero position of the angle, ;,, is represented with solid red line in Fig. 2(a).
We presented in Eq. 2(b) indicates the workspace limitation of the mechanism.

Therefore, in Fig. 2, Wc;; is theoretically half of the workspace limit along 1/71. .

3
We=> Wei, =123 @)
i=1

4  Experimental Test Set-up

The purpose of this experiment is to first find the absolute measurement of the
mechanism’s workspace. Later, this information will be transferred into joint
space in order to find the joint motion limits. Finally, the joint limits will be
matched with joint sensor reading (measured in V) to complete the calibration
process.

Workspace is divided into two planes, #; —, and 1, —1i; . On those planes,

we are able to measure three displacement values by two cameras, which are par-
allel to the normal of the selected planes as shown in the Fig. 1 with red arrows.
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Fig. 3 Experimental test set-up

Cameras are calibrated by finding the distance between two defined circles,
whose distance in between their centers are known prior and attached on the end
effector's vicinity. The translation of the end effector is measured by 2D-Cross
Correlation in Matlab Simulink (Pan et al. 2009).

Total translation of the device along each direction, Wc;, is divided into two.

The two parts are denoted as Wci+ and We; representing the positive and nega-
tive translations that will be used for calculating 6’;{ and 6 angles.

Test procedure is initiated by finding the mid-position of the joint range, where
6;; = 0°, with a set-square. Then, the positive and negative limits, which are Wcl.+

and Wc; , of the mechanism are measured via cameras. Measured workspace lim-

its are also used for calculating the joint limits 49:; and 6’; as described in the Eq.
3.

0;; = arcsin(Wc; /1,,)

7

i=1.23 €
| = arcsin(Wc; /1) |
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5 Test Results

Mechanism is located at its limits to measure workspace limits. Measured
workspace limits and calculated joint limits are tabulated in the Table 2. Work-
space limits are given as the mean value for six successive measurements with the
same test procedure. Total angle swept by each joint within the workspace is cal-

culated to have mean values of 140.58°, 136.50° and 137.79° for 6,,, 6,, and 6,,

respectively. Standard deviation for value for each joint limit is calculated to be
8, =1.60, 5, =1.26 and §,, =1.47. According to the statistics of data acquired
from six sets of measured displacement values, error bounds are calculated for the
95.45% of measurement as; first joint limit bounded within £3.20° error, second

joint limit bounded within £2.94° error and third joint limit bounded within £2.51°
error.

Table 2. Measured Values from Cameras and Calculated Joint Limits

Workspace Limits Means of Measured Joint Limits Calcule:ted Values
Values (mm) )
We 1 We, 60,65/ 61.67 6,16, 71.64/ 68,94
We, 1 We, 60.15 / 60,55 6;, 16, 68.72/ 67.79
Wey 1 Wey 61.22/59.99 6y, 16, 67.38/70.41

Voltage values measured from the potentiometers in each axis are given in the
Table 3 with respect to the axis numbers. These values are measured at the joint
limits, indicated with min and max, and also for the mid-position of the work-
space, indicated by mid. In addition, the measurement ranges in between the joint
limits are provided to be used in constant gain, K;, calculation for converting the
raw data into measured joint positions by using Eq. 4.

=@ +0)/Vr. i=123 “)

Finally joint angles at an instant during operation are calculated by the Eq. 5 by
using measured voltage from the sensors of the joints, Vm; for i=1,2,3.

(Vmi _ledl)XKl = eil i: 15293 (5)
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Table 3. Voltage values Measured from Joint Sensors (Potentiometers)

POt] POtz POtg
Voltage Values stgsg\e,r Voltage Voltage Voltage Values stg:g\e/r
\% $ Values (V Range, Vr (V \% $
% s % ge, Vr (V) V) &
Vmin,; 2,68 Vmin, 2,20 Vmins 0,86

Vmid; 5,33 Vr; =507 Vmid, 5,11 Vr, =5,57 Vmids 3,64 Vr;=5,30

Vmax; 7,70 Vmax, 7,78 Vmax; 6,17

6 Conclusions

The aim of this work was to calibrate and experimentally validate the kinemat-
ics of a novel haptic device, HIPHAD v1.0. External measurement of the absolute
position of the mechanism is carried out by using a vision-aided algorithm. Cali-
bration of the mechanism is done in accordance with the test results. Test results
also indicate the precision errors in manufacturing and assembling the device
which are accounted for by performing the calibration. As a result of the tests, re-
peatability of the device is calculated to be around 2°/100°. This performance can
be improved for applications calling for increased precision by changing the joint
sensors with encoder with higher resolutions. Future work includes the calibration
of forces exerted by the mechanism to the human operator.
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