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Abstract

Human being controls body movement precisely according to sensory information. Augmented Real-
ity: AR technology has received attentions as a supporting tool. However, the lack of tactile information
hardens the intuitive spatial recognition and decreases the accuracy of manipulations. Therefore, devel-
opment of the navigation system which can avoid invading important area or guide tool by presenting
tactile sensation according to the contact condition between virtual objects and the instrument is desired.
Although tactile distribution at the fingertip is important for the intuitive perception of the force vector,
previous tactile display cannot present it without mediating a stimulator. The purpose of this study was
to develop the spatially transparent tactile display which enables to superpose tactile distribution at the
fingertip without setting up a stimulator on the fingertip in order to represent the force vector in case of
holding the instrument with index finger and thumb. The author also aimed at developing the tactile AR
navigation system as an application of the force representation by spatially transparent tactile display.
The author proposed a method to separate the stimulating and perceived areas by sensory shift caused by
electrically stimulating digital afferent nerves under the side of the finger media. Especially, stabilization
of the sensory shift was proposed based on anatomical structure of the afferent nerves. The author also
proposed the force vector representation by using tactile distribution of the index finger and the thumb.
To present tactile distribution, perceived position was selected along with colonial direction of the finger
based on two point simultaneous stimulation with different pulse rates.

The proposed methods were evaluated by several subjective experiments in which the relationship
between the stimulus and the perceived area was examined. The result showed that stimulating digital
afferent nerves under the side of the finger media enabled a user to perceive the tactile sensation at their
fingertip. The perceived position is significantly different from the stimulated position. Furthermore, the
result also showed that the tactile distribution was selected in direction of the short axis of the finger
based on the model of phantom sensation. The tactile display enabled to present 3 dimensional force
vector to navigate the instrument by considering the relative position of index finger and thumb. Then,
the author implemented the tactile AR navigation system which consists of the camera, the computer,
and the proposed tactile display. The position of the instrument was measured optically, and the force
which makes difficult to invade a virtual object was calculated by using voxel-based haptic rendering
algorithm. Furthermore, the proposed spatially transparent electrotactile display fed back the tactile
sensation by letting a user perceive virtual touch sensation with grasping a tool. In order to evaluate
the system, the navigation and virtual object perception were tested. The trajectory of the tool was
recorded when virtual force vector was presented based on the force field. The result showed that the
system could navigate a tool to the precise position with less than 100 mm error and 40 % success rate.
Furthermore, avoidance of virtual obstacles was tested during tracking a line with the tip of the tool.
The result indicated that users avoided the obstacles with less than 3 mm invasion of the obstacles.
Keywords
Augmented Reality, Tactile augmentation, Instrument manipulation, Navigation system, Electrotactile

display, Spatially transparent.
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Fig. 1.1: Concept: This study is targeting the spatial navigation of the handheld surgical tools for the situation
avoiding the collision between the tip of the tools and the pre-determined unsafe area.
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Fig. 2.1: Examples of familiar instruments: (a) Ballpoint pen (b) Tweezers.
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Fig. 2.2: Control system: The system outputs controlled value based on the error value.
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Instrument Function Manipulated variable Controlled variable
Pen Draw Contact position Color distribution
Scissors Cut Grip strength Amount of cutting
Knives Trim Contact pressure Depth of trimming
Chopsticks Hold Grip strength Amount of slippage
Drill Bore Contact pressure Depth of boring
Soldering iron  Melt Contact time Amount of melting
Chisel Carve Contact pressure Depth of carving
Tweezer Tweeze Grip strength Amount of slippage
Reel Wind Force Length of string
Screwdriver Screw Torque Stiffness

Forceps Hold Grip strength Amount of slippage
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Fig. 2.3: Surgical tool: (a) Surgical scissors [24] (b) The way to use surgical scissors [25].
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Fig. 2.4: Fossil preparation [26]: (a) Air scribe tool (b) The way to use the air scribe tool.
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Fig. 2.5: Tactile nerve system [27]: The stimuli detected by mechanoreceptors are conveyed to the cortex via
thalamus.
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Fig. 2.6: Mechanoreceptors: (a) Receptor structure of the hairless skin [27] (b) Sensitivities with the frequency
[28].
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Fig. 4.4: Stimulus points and perceived area: (a) Electrodes are located at the fingertip and the tactile sensation
is projected nearby the activated electrodes. (b) The reinnervated chest skin of patient STH showing sensations
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Fig. 4.5: Nerves of the finger: Each finger has two main afferent nerves along the side of the finger.
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Fig. 4.6: Stimulus and sensory shift: Anodic stimuli can activate the peripheral nerve band thus leading the
separation between perceived area and stimulated area, while cathodic stimuli cannot.
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Fig. 4.7: Stimulus and sensory shift: Anodic pulse stimulus is used for sensory shift and its wave height will be
adjusted for each user.
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Table 4.1: Specifications of the electrodes.
2

Electrode size 4 mm
Electrode interval (Virtical) 8 mm

Electrode interval (Horizontal) 6 mm

Electrode

‘ . Q’/ \
e

% » ’
Hori zon‘tal\

(a) (b)

Fig. 4.9: Developed electrodes array: (a) Electrodes structure (b) Appearance of the use.
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Table 42000000000000C000O0O

Table 4.2: Experimental environment in evaluation of sensory shift.

CPU Intel Core 2 Quad 2.83 GHz
RAM 2.0 GB

GPU NVIDIA GeForce 9600 GT
0S Windows XP Professional
Programming Language CH+

Pulse generator Aruduino MEGA
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Fig. 4.10: Finger segments: (a) Each segment is 4x4 mm size, and given the index number (Example: B5). (b)
Each electrode will be located on the each segment.

Table 4.3: Stimulus position.

Position (Pos.) 1 2 3 4 5 6 7 8 9 10
Anode HO8 H10 GO8-F08 F10-G10 E08 E10 C08-D08 C10-D10 B08 B10
Cathode H10 HO08 G10-F10 FO08-GO8 E10 E08 C10-D10 C08-D0O8 B10 BO08
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Fig. 4.11: Examples of the answer sheet: Blue means hole perceived area while red means local well-perceived
area. (a) Stimulus at the E8 (Anode), E10 (Cathode) (b) Stimulus at the G8 (Anode), G10 (Cathode).

Table 4.4: Quantitative evaluation.

Anode position Axial average  Coronal average

(axial, coronal) [mm] (variance) [mm] (variance) [mm]

Pos.1 (28, 4) 20.37 (1.00) 4.82 (0.25)
Pos.2 (36, 4) 22.51 (0.88) 4.80 (0.27)
Pos.3 (28, 10) 12.69 (1.09) 11.25 (0.50)
Pos.4 (36, 10) 14.61 (1.03) 11.86 (0.37)
Pos.5 (28, 16) 16.69 (1.23) 15.88 (0.52)
Pos.6 (36, 16) 15.03 (0.92) 14.39 (0.46)
Pos.7 (28, 22) 18.27 (1.27) 21.52 (0.30)
Pos.8 (36, 22) 15.68 (1.39) 23.47 (0.40)
Pos.9 (28, 28) 22.06 (1.41) 26.06 (0.36)
Pos.10 (36, 28) 22.13 (1.49) 25.88 (0.36)
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Fig. 4.12: Stimuli and perception: Perceived areas are represented by the color distribution. (a) Pos. 1 (b) Pos.
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Fig. 5.3: Synthesized tactile vector: Each tactile vector is synthesized based on the posture of the finger.
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Fig. 5.7: Developed electrodes: (a) Electrodes structure. (b) Appearance of the use.
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Fig. 6.2: Voxmap-PointShell algorithm: (a) A dynamic object and a static object are represented by “PointShell”

and “Voxmap”, respectively (2D image). (b) Each voxel is assigned in the layer, which makes it ease to test
collision.
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force layer.
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Fig. 6.4: Data structure and flow in tactile AR navigation system: The system consists of three processes which
are the visual render, the tactile render and the position measurement process.
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Table 6.1: The specification of the computer

CPU Intel Core 2 Quad 2.83 GHz
RAM 2.0 GB

GPU NVIDIA GeForce 9600 GT
0S Windows XP Professional
Programming Language C+-+

Graphics Library OpenGL

Camera BWC-130H01(BUFFALO)
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Fig. 6.5: Result of registration: (a) Marker (b) Camera (c) Real environment (d) Augmented environment.
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Fig. 6.6: Result of generation of Voxmap: (a) Original object data. (b) Cross section of the box. (c) Result of
voxmap in 3D view.
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Fig. 6.7: Result of generation of PointShell: (a) Original object data. (b) PointShell.
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Fig. 6.8: Result of Voxmap-PointShell: (a) When the instrument contacts at left side of the object. (b) When
the instrument contacts at top of the object.
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Fig. 6.9: Spatial transparent electrotactile display: (a) Power supply. (b) Pulse generator. (c) Electrical stimulus
circuit. (d) Electrodes.
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Table 6.2: The specification of the electrotactile display

Transmission speed 11520 bps
Number of channel 4

Pulse height -300-0V
Pulse width 150 ps
Pulse rate 0-100 pps

Resolution (pulse height) 1.17 V/bit
Resolution (pulse rate) 1 pps/bit
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(a) (b)
Fig. 6.10: Measured waveform: (a) Wide range of time. (b) One period waveform and the waveform when the

electrode is contacting with the finger.
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Fig. 6.11: The implementation of tactile AR system: The force vector is presented by the tactile display when
users touch the virtual object with the instrument.
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Table 6.3: Candidate of the destination.
Destination r oy

1 -50 0
2 -50 50
3 0 50
4 50 0
5) 50 50
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Table 6.4: Destination of the tool.

Destination T Y
1 -50 0
2 -50 50
3 0 50
4 50 0
5 50 50

L..

(a) (b)

Fig. 6.13: Visual effect of force vector: (a) In case of (Fy,Fy,F.)=(-1,0,0). (b) In case of (Fy,Fy,F.)=(1,1,0).
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Fig. 6.14: Result of non-interactive navigation: Trial numbers represent each goal position, (-50, 0), (-50, 50), (0,
50), (50, 0), and (50,50). (a) Error value (b) Success rate (More than 50 mm error).
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Fig. 6.15: Result of force vector perception: (a)-(d) is the result of subject A, while (e)-(h) is the result of subject
B. (a) is in case of Trial 3. (b) is in case of Trial 2. (c) is in case of Trial 1. (d) is in case of Trial 5. (e) is in case
of Trial 3. (f) is in case of Trial 1. (g) is in case of Trial 5. (h) is in case of Trial 4.
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Table 6.5: Time of completing.

Destination Time (visual) [s] Time (tactile) [s]

(-50, 0) 2.12 (0.34) 4.64 (1.48)
(-50, 50) 2.37 (0.40) 6.51 (3.88)
(0, 50) 1.95 (0.49) 6.16 (1.93)
(50, 0) 2.37 (0.32) 7.63 (5.43)
(50, 50) 2.45 (0.46) 6.00 (3.65)
100 120
X — X
'g' | o\o 100
,§, 75 y .6. y
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g 25 | { 5
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(a) (b)

Fig. 6.16: Result of interactive navigation: Trial numbers represent each goal position, (-50, 0), (-50, 50), (0, 50),
(50, 0), and (50,50). (a) Error value (b) Success rate (Less than 10 mm error).
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Fig. 6.18: Time response of the visually navigated trajectory: Goal setting is (a) 2=-50, (b) =0, (c¢) =50, and
(d) y=>50.
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Fig. 6.19: Time response of the tactually navigated trajectory: Goal setting is (a) z=-50, (b) =0, (c) £=>50, and

(d) y=>50.
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Fig. 6.20: Spectrum of the hand velocity: (a), (c), (e), and (g) is tactually navigated result, while (b), (d), (f),
and (h) is visually navigated result. (a), (b) is in case of (z, y)=(50, 50). (¢), (d) is in case of (z, y)=(50, 0). (e),
(f) is in case of (z, y)=(0, 50). (g), (h) is in case of (z, y)=(-50, 50).
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Fig. 6.22: Tracing experiment: (a) Experimental image. (b) The scene of the experiment.
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Table 6.6: Parameter settings.

Number of voxels (voxmap) 64
Number of voxels (pointshell) 64
Number of force layer 15 voxel
Shape of pointshell Sphere with the radius 1 mm
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Fig. 6.23: Obstacle patterns: (a) Circle (b) Triangle (c) Square.
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Fig. 6.24: Analysis of tracing: (a) Error value (b) Amount of invasion.

Table 6.7: Minimum size of the obstacle.
Circle [mm] Triangle [mm] Square [mm]

2.22 3.80 3.14
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