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Abstract. In this paper, we present a haptic visualization system that transforms 
visual perception of depth into a 3D tangible experience. This haptic interface is 
used to enable a user with visual impairments to explore a remote environment 
through touch feedback. Experiments with participants with/without visual im-
pairments are constructed, and results are presented that show efficiency of the 
system as well as discuss responses from user interaction. Furthermore, a viable 
solution is described that utilizes the presented methodology of transforming 
image-based data into haptic representation for assisting in STEM education for 
students with visual impairments. 

Keywords: Haptic exploration, haptic assistance for remote perception, haptic 
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1 Introduction 

It might be difficult to imagine what it would be like to live with a visual impairment; 
to imagine a situation where a person with a visual impairment (VI) must walk on 
public streets while heading to an, unknown, remote location or explore a new place 
such as a museum or a shopping center. However, most people realize that the most 
popular device or means within the last decade for assisting individuals with VI are 
still the guide cane and guide dog. At the same time, we notice that there are many 
new technological breakthroughs, such as telepresence and augmented reality, that are 
expanding our social boundaries, enabling us to visually explore remote places on our 
own or enabling immersion of oneself as an avatar in new environments. 

Although many assistive devices have been developed to aid individuals in achiev-
ing their daily activities of living [1], the boundary conditions for operation are usual-
ly limited to the physical surrounding area for individuals with visual impairments. 
Recent assistive devices, including electronic Braille adaptors and computer-screen 
readers, have evolved to transfer more information to the user and have granted  
wider access to daily living for people with impairments, including education and 
employment [2, 3, 4]. However, most of these tools are designed to work passively 
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feedback, as described in Equation 1. Given the position vector of the proxy Pproxy, a 
position vector of the probe Pprobe, and the velocities of the proxy and the probe, 
vproxy and vprobe, a virtual-proxy force-feedback ffeedback is composed of a pene-
tration depth term (with a spring constant k) and a damping term (with a damping 
constant b). This real-world imagery data is extracted directly from the camera sen-
sors embedded on the mobile robot.  

 ffeedback =k(Pproxy -Pprobe)+ b(vproxy -vprobe) (1) 

2.2 Haptic Telepresence Robotic System for Individuals with VI 

For our telepresence robotic platform, we incorporate a mobile manipulation robot as 
shown in Fig. 3-(a). The main hardware platform is composed of a robotic arm (Pio-
neer2 Arm) and a robotic mobile base (Pioneer 3AT), equipped with the Kinect depth 
sensor. The system interfaces with a user through a graphic-user-interface (GUI) for 
typical users and through a haptic interface for visually-impaired users. The visual 
and haptic view from the robot is displayed in Fig. 3-(b). The haptic interface also 
incorporates verbal feedback in its design. 

The main control architecture is composed of three functional blocks: 1) vision-
based depth perception module, 2) haptic interaction module, and 3) telepresence 
robot control module. The visual module perceives 2D color perception of the envi-
ronment as well as 3D depth information in real time (30fps) and feeds this informa-
tion into the haptic interaction module. The haptic interaction module governs both 
haptic force feedback to the user for 3D perception and haptic control input for teleo-
peration of the robot. The robot control module is composed of a finite-state-machine 
(FSM) that governs state changes and sub-module controllers [14]. As a side compo-
nent of the architecture, there is also a verbal feedback block, which works synchron-
ously with the haptic interface to present verbal feedback to the user. Details are  
explained in the following section. 
 

 
(a) Robotic platform and the experimental setup 

 
(b) Trajectories of haptic 3D exploration 

Fig. 3. Experimental setup for our telepresence robot and the user’s trajectories during haptic 
exploration 

2.3 System Control Algorithms 

3D Depth Sensor Processing. The Kinect sensor, despite its outstanding performances 
and cost-efficiency, has two characteristics that limit the quality of its sensory percep-
tion. First, since the depth is measured by the array of reflected lights emitted from a 
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Robot Controller and Haptic and Auditory Feedback. Based on the user’s click on 
the button on the stylus of the haptic interface, the robotic system automatically ite-
rates between three states of robot control: idle, static haptic exploration, and robotic 
navigation with haptic exploration (Fig. 7). In addition, the robotic navigation state 
can be configured with one of the following control options: manual control with 
keyboard or semi-autonomous navigation with the haptic interface. In manual control 
mode, the user can move the robot around with arrow keys, while in the semi-
autonomous navigation mode (namely “AutoNav”) the user can first explore the re-
mote environment with the haptic interface and just click on a desired target location 
in the haptic workspace, which will activate the robot’s autonomous navigation mod-
ule to reach the goal location corresponding to the clicked-point in the haptic space. 

 

 

Fig. 7. Finite-state machine (FSM) for our telepresence robot control with haptic feedback. 
Goal is set by the user through touching on a virtual space corresponding to a point on a remote 
environment and clicking on the stylus. 

Haptic force feedback is used to transfer information to the user through the user's 
force and tactile perception. The Virtual-Proxy force explained in Section 2.1 is the 
main haptic feedback source that is formed by the user's haptic exploration in the 3D 
space mapped from the robotic perception. As the user moves the stylus of the haptic 
interface in the free space (in the workspace of the device), the user will experience 
no force (if the HIP is exploring empty space of the remote environment) or virtual-
proxy force feedback toward the surface of the volume space perceived by the depth 
sensor. To provide multi-modal information to assist in better perception, we also 
provide auditory feedback in the form of verbal notification. 

The auditory feedback consists of verbal descriptions of color and distance infor-
mation associated with an object the haptic probe is in contact with. It also consists of 
a brief verbal report on the status of robotic movements. The color and distance in-
formation is reported to the user when the haptic probe is interacting with an object in 
the 3D map (in other words, “penetrating” the virtual objects in the 3D map). The list 
of colors recognized by our system is shown in Table 1. The verbal description of the 
status of our robotic system consist of “forward”, “left”, “right”, “backward”, and 
“stop”, and are reported only when the status changes. i.e. it does not keep reporting 
“forward” while moving forward but reports only once.  
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