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Abstract Our research focuses on how a telepresence robot
operator, the people with the robot, and the robot itself col-
laborate so that the operator reaches his/her intended desti-
nation. Our research requires higher levels of autonomous
navigation so that the robot can, for example, go to a spec-
ified destination and follow a person. However, commercial
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telepresence robots are primarily teleoperated, and only a
few provide assisted navigation around obstacles. Our system
must include sensors and processing to enable these capabil-
ities. We present the chronology of our iterative design for
augmenting two VGo Communications’ VGo robots, Hugo
and Margo, over a period of 3 years. We detail the require-
ments and design constraints encountered while developing
our telepresence robot platforms.

Keywords Human–robot interaction · Remote presence ·
Embodied video conferencing

1 Introduction

Contemporary, commercial telepresence robots are focused
on the concept of telecommunication and remote presence
with independent mobility. They are designed for the masses
including corporate executives, engineers, sales associates,
doctors, caregivers, and students—as opposed to trained
robot specialists or roboticists [46]. Most commercial telep-
resence robot interfaces are designed for teleoperation from
a computer; for example, a robot will move forward when
the up arrow key is pressed and stop when the key is
released.

While the concept seems simple, teleoperating a telep-
resence robot at this level can be a cognitively taxing task
because the user is remote from the robot. First, the user
interfaces typically display the robot’s live video feed as
the dominant feature, which is a “soda straw” view [55]
of an unfamiliar environment. Second, due to the mobil-
ity afforded by telepresence robots, the information, includ-
ing the robot’s video, must be transferred wirelessly, and
the connection quality depends on the available bandwidth,

123



104 Intel Serv Robotics (2014) 7:103–119

latency, and packet loss [9]. Of course, these issues are
not unique to telepresence robots, yet only a few commer-
cial telepresence robots currently provide assisted navigation
around obstacles (e.g., Anybots’ QB) or to local destinations
selected in the robot’s view (e.g., Gostai’s Jazz). InTouch
Health and iRobot’s RP-VITA can autonomously navigate
to a selected destination, which was recently approved by
the FDA [20]; likewise, iRobot’s Ava 500 [5,18] also has
this ability. Research telepresence robots implement a num-
ber of navigation behaviors with varying levels of auton-
omy, including collision avoidance (e.g., [7,21,29,39,45]),
selecting a local destination or trajectory (e.g., [7,29,30,39]),
follow a person (e.g., [21]), and go to destination (e.g.,
[7,21,30,39]).

MIT Technology Review’s Tom Simonite noted the diffi-
culty he experienced operating a telepresence robot during a
test drive [42]: “My robot body could do some of the basic
things I would do in person: move around the office to talk and
listen, see and be seen. But it couldn’t do enough. In a group
conversation, I would clumsily spin around attempting to take
in the voices and body language outside my narrow range of
vision. When I walked alongside people, I sometimes blun-
dered into furniture, or neglected to turn when they did.”
These mistakes may be seen as a reflection of the telepresence
robot operator [42]. Our research investigates how people
with cognitive and motor impairments can operate telepres-
ence robots in remote environments in a safe and socially
acceptable manner, which will require autonomous and semi-
autonomous navigation behaviors. Our primary goal was to
incorporate additional sensing and processing capabilities to
support the “go to destination” and “follow person” naviga-
tion behaviors.

Since the premise behind a telepresence robot is that it
serves as a physical representation of the remote operator,
its appearance is equally as important as the functional and
technological requirements [46]. Research in human–robot
interaction (HRI) has shown that a robot’s physical appear-
ance, structure, and form establish the social expectations of
it [12]. It has been shown that human-like robots are pre-
ferred for social roles [57]. Further, robots with mechani-
cal appearances are viewed as aggressive and angry [57],
and an overly sophisticated appearance may lead to under-
whelming interactions [3]. Schaefer et al. [40] showed that a
robot’s physical form influences its perceived trustworthi-
ness, which could have severe implications, for example,
when a remote worker engages with teammates via telep-
resence robot. Thus, it was imperative that we accomplish
our primary goal in an aesthetically pleasing manner. In this
paper, we present the chronology of our iterative design for
augmenting our two VGo Communications’ VGo robots,
Hugo and Margo (Fig. 1), which has taken place over a
period of 3 years with three major hardware and software
revisions.

Fig. 1 Margo (left robot) showing the front view of our v1 design with
Hawaiian shirt and tricolor LEDs. Back panel is shown on a sibling v1
robot, Largo (right). Hugo (center), v0 prototype, features a blue LED
necktie (color figure online)

2 Base robot platform: VGo Communication’s VGo

We selected the VGo Communications’ VGo robot as the
base for our system as it has a sophisticated audio and video
communication system.1 The VGo App is VGo Communi-
cations’ video conferencing software. It supports both robot
calls (i.e., from a laptop/desktop computer to a robot) and
also desktop calls (i.e., between two laptop or desktop com-
puters). The user interface is primarily a view of the robot’s
live camera stream with a small video of the user in the top
right corner (Fig. 2b).

The VGo robot retails for $6,000 USD plus an annual
$1,200 service contract. The VGo robot is four feet tall (48
in.) and weighs approximately 18 lbs including a 6-h lead acid
battery [52]; a 12-h battery is available. It uses two wheels and
two rear casters to drive; each drive wheel has a 7 in. diameter
and has an encoder. Its maximum speed approaches human
walking speed, approximately 2.75 mph [52]. Additionally,
the VGo’s base has a front bumper and four infrared (IR)
distance sensors. There is one IR distance sensor centered
in front, and one on either side of the front (on the left and
right); these are primarily used to warn the user about obstacle
detection. The fourth IR distance sensor is located in the rear
and assists with docking on the charging station. A standard
VGo robot is shown in Fig. 2a, and its specifications are listed
in Table 1.2

1 Synthesized from [47,52–54] and our own robot use.
2 It should be noted that some material properties and features of the
VGo robot have changed since our first use in [47]. The VGo base
platforms for Hugo and Margo were acquired in Fall 2010 and Fall
2011, respectively. Specifically, Hugo and Margo had only one WiFi
card and do not support 4G. Also, their plastic bodies were stronger than
the alpha prototypes used in [47], and Margo’s drive wheels featured a
softer rubber.
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Fig. 2 a The VGo robot stands 48 in. tall. It has a speaker in its base
and a tweeter in the head. There are four directional microphones on
the head with a pair on either side of the 6-in. video screen. In each
“ear,” one microphone faces forward and the other faces backward; the
ears also have red and green status LEDs. Above the screen, there is
a forward-facing 2.4 megapixel camera on a servo motor that can tilt

up and down (180◦). The VGo’s base has a front bumper and four IR
distance sensors (three front, one back). b The VGo App’s robot call
user interface is a sophisticated, video-centric user interface. Seen here
is an example of what the user sees controlling an unmodified VGo
robot, highlighting the difficulty of single camera video-based driving;
screenshot from Aug. 2012 (color figure online)

Table 1 Key feature summary
of VGo Communications’ VGo
robot

Unit cost $6K plus $1,200 annual service contract

Drive Two wheels and two trailing casters

Wheel size 7 in (17.8 cm) diameter

Wheel base 12 in (30.5 cm)

Top speed 2.75 mph (4.43 km/h)

Height 48 in (121.9 cm) fixed

Weight 18 lbs (8.2 kg) with 6-h battery

22 lbs (10.0 kg) with a 12-h battery

Battery type Sealed lead acid battery, 12V

Auto charge Auto-dock within 10 feet (3.0 m) of docking station

Microphones Four around video screen (one front/back pair on each side)

Speakers Two (woofer in base, tweeter in head below the screen)

Screen size 6 in (15.2 cm) diagonal

Number of cameras One forward-facing webcam with 2.4 megapixels, located above the
screen

Camera pan-tilt No independent pan. Yes, 180◦ tilt

Connection type WiFi (802.11 b/g 2.4 GHz, 802.11a 5.0 GHz)

4G LTE (requires separate contract and sim card)

Bandwidth 200 kbps up to 850 kbps (up and down); recommended 1.5 Mbps (up and
down)

Operating systems Windows 7/Vista/XP with SP3

MacOS 10.6.x or higher (in beta)

Navigation control Mouse “Click and Go” widget

Arrows keys with customizable acceleration profile

Proportional joystick widget (in beta)
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The overall appearance of the VGo robot is pleasing. The
landscape-oriented screen is encompassed by a ring of black
plastic and thus resembles a head [10]. The tweeter speaker
makes the robot operator’s voice appear to come from the
head as a person collocated with the robot would expect. Its
height is that of a small person (48 in.), which Lee et al. [26]
note to be on the slightly small side of “just right.” VGo’s
body has a slight curve and is covered completely with a
white, lightweight plastic [10]. Its iconic appearance resem-
bles Eve from the Disney/Pixar film WALL-E, yet remains
gender-neutral [12,35].

3 First iteration: Hugo v0

3.1 Selected components

We augmented Hugo with additional processing and sensors
based on guidelines that we initially developed for telepres-
ence robots; we conservatively estimate having spent over
320 h to this point using, maintaining, or running experi-
ments with two telepresence robots (see Desai et al. [9], Tsui
et al. [47,48]). We selected a BeagleBoard xM-B ($125) [2]
with an ARM Cortex-A8 1GHz processor and 512MB RAM,
which ran Ubuntu 10.10. The Beagleboard measured 3.25 in.
w × 3.25 in. h, and required 5 V external power. It had a DVI
port, a RS-232 serial port, an ethernet jack, stereo input and
output jacks, and a four-port USB hub.

We added a second four-port USB hub ($15), and con-
nected five USB devices: a wifi card (Linksys wusb54g ver
4, $25), two Phidget devices, a webcam, and an IR trans-
ceiver. The PhidgetSpatial 3/3/3 board ($120) had a three-
axis compass, gyroscope, and accelerometer. The Phidget
1018 InterfaceKit (IFK, $80) had eight analog input ports,
eight digital input ports, and eight digital output ports. The
Phidget IFK illuminated four blue status LEDs to indicate
when the robot’s internals (i.e., BeagleBoard) were pow-
ered on, as per [48]. Two magnetic contact switches (Phidget
3560, BR-1014, $5 each) located on the bottom of the robot
were each connected to digital input ports, and custom mag-
netic encoders on each of the robot’s wheel hubs measured
odometry.

The BeagleBoard received latched robot movement com-
mands over TCP from a custom JavaScript webUI (see Tsui
et al. [49]). A user could issue multiple of the same low-
level movement commands (i.e., forward, backward, turn
left, turn right). An IguanaWorks IR transceiver ($48) emu-
lated the VGo remote control, and sent the robot movement
commands to the VGo base using the Linux infrared remote
control (LIRC) package [1].

The standard VGo robot has one camera above its screen,
which can be tilted down for navigation assistance (Fig. 2a).
Given its limited field of view, we found that it is not possible

to simultaneously use the camera for conversation and navi-
gation [9,47]. A Logitech WebCam Pro 9000 ($70) streamed
a downward-facing view of the base of the robot using
gStreamer over UDP. At the end of this design iteration, the
estimated cost of modification was $500 USD, bringing the
total cost to $6,500 including the standard VGo robot.

3.2 Resulting design

To people physically present with the robot, it appears to
only have one function—mobile video conferencing. It was
important to mount the additional sensing and computation in
a hidden manner to maintain the VGo robot’s esthetic design.
We mounted all of the sensing and computation compo-
nents on two custom acrylic panels within the vertical space
between the two stalks (23.6 in. h × 4.1 in. w× 3.4 in. d)
below the robot’s screen (Fig. 4a). We used 0.25 in. thick
acrylic for rigidity. We chose white for Hugo’s front panel
to match the standard VGo’s dominant color, and the back
panel was a dark, translucent bronze to minimize attention.
We placed the downward- facing webcam between the acrylic
panels and the robot’s screen. The custom wheel encoders
were also fabricated from 0.25 in. thick acrylic and placed
inside the wheels between the hub and cap. Each custom
wheel encoder had twelve cylindrical rare earth magnets (0.5
in. l × 0.25 in. d) equally spaced across the four acrylic
mounts (see Fig. 4b).

Human–robot interaction research has shown that human-
like robots are preferred for social roles [57]; therefore, we
chose to customize Hugo’s “shirt.” We designed a tie to
house the four blue status LEDs, which illuminated an etched
striped pattern (Figs. 3, 4a); although a tie has been tradition-
ally associated as masculine, there are a number of variants
(e.g., necktie, bow tie, cross-over tie, bolo tie, cravat, ascot,
scarf) worn as part of a uniform or as a fashion statement. The
long necktie style was chosen because of its familiar shape

Fig. 3 Our augmented VGo robot, Hugo (v0), is being driven remotely
and being used to walk alongside a colleague, actively participating in
a mobile conversation. The driver can be seen on Hugo’s screen
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Fig. 4 a Front and back views
of Hugo v0. b Custom magnet
encoders

and its ease of status visibility from its large size (i.e., length
and width).

3.3 Discussion

We discovered several technical shortcomings with our v0
prototype. First, providing robot movement commands by
emulating the VGo remote control yielded slow and jerky
motions; in comparison, motions resulting from driving the
robot with the VGo App were fast and smooth. Emulating the
remote control also did not allow for simultaneous transla-
tion and rotation. Second, our custom encoders did not have
sufficient resolution to make small adjustments, such as turn-
ing 10◦ left. Finally, the BeagleBoard did not have sufficient
processing or bus bandwidth for streaming the down-facing
webcam, processing sensor information, and receiving robot
movement commands, and we had not yet begun to address
the semi-autonomous navigation behaviors. We formalized
our requirements when developing our second prototype,
Margo (v1.0).

4 Requirements and design constraints

First and foremost, our team decided to retain the use of
all or most of VGo Communications’ existing features. In
particular, we utilize the robot’s bidirectional audio and
video communication system (both hardware and software)
(Requirement 1; R1). To minimize added weight to the robot,
we required the utilization of the robot’s existing power
resources and charging system without disruption to the stan-
dard VGo (R2). That is, we must power the robot and all of
our additional components using the 12 V lead acid battery
or 19 V wall or dock chargers (Constraint 1; C1).

The augmented robot’s run time must be at least 2 h (R3).
Assuming a 2-h run time with the large capacity 15 Ah bat-
tery (C1), the additional components combined must draw
<54 W per hour (C2), as the standard VGo robot draws 3 A
(36 W) per hour at peak. All additional components must be
commercial off-the-shelf (COTS) components and supported
by the robotics community (R4). The selected components
must either be supported under ROS [36] or have their own
software APIs for programming purposes.

We must retain the robot’s friendly appearance (R4). We
must fit the additional components within the VGo’s footprint
(C3) in a manner that maintains its streamlined industrial
design (C4).

To investigate autonomous and semi-autonomous naviga-
tion behaviors, the robot must be able to map an unknown
environment (R5) and perform basic localization (R6). We
chose to incorporate a laser rangefinder and an inertial mea-
surement unit (IMU) [33]. The laser must be mounted low
to the ground for mapping purposes (C5) within the VGo’s
footprint (C3), and the IMU must be mounted in the center
of the robot’s angular rotation axis and also parallel to the
Earth (C6) in a streamlined manner like the rest of the VGo
robot (C4).

We also needed advanced sensing for interaction with peo-
ple present with the robot who may be asked to provide nav-
igation assistance (R7). We chose to incorporate a Microsoft
Kinect to provide a dedicated forward facing, color cam-
era and 3D information from an IR painter/camera pair. The
Kinect must be mounted at an appropriate height to capture
useful and interesting data from these interactions. As the
height of the VGo robot is only 48 in., the Kinect must be
mounted at the highest position possible on the VGo robot
(C7)—atop its existing camera.

We needed the robot to have a dedicated camera for driving
(R8). The downward-facing webcam must also be mounted
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at the highest position possible (C7), thereby allowing the
widest field of view of the area surrounding robot’s base for
navigation purposes. Both the Kinect and downward-facing
webcam must be mounted atop the VGo in a manner that
maintains the robot’s industrial design (C4).

Finally, implicitly assumed, the augmentations must be
robust (R9) and serviceable (R10). The robot must be able to
be disassembled and reassembled for maintenance purposes
and future upgrades by technicians, who may not necessarily
be the system designers (C5).

5 Second iteration: Margo v1.0

5.1 Selected components

We augmented the standard VGo using largely COTS compo-
nents. The BeagleBoard was replaced with a fitPC-2 [8], run-
ning Ubuntu 12.04 LTS and ROS fuerte. The fitPC-2 ($400)
has an Intel Atom Z550 2 GHz processor and 2 GB RAM.
It was chosen for its small size (4 in. w × 4.5 in. h × 1.05
in. d), wide power range (8–15 V), and efficient power con-
sumption (0.5 W standby, 8 W full CPU). It has an onboard
Mini PCI-E 802.11b/g WiFi, a DVI port, an ethernet jack,
audio input and output jacks, and six USB 2.0 ports. A heat
sink and cooling fan dissipated residual heat. We selected
the Evercool EC8010LL05E ($10) fan for its airflow (14.32
CFM) given its minimal noise level (<22 dBA) power con-
sumption (5 V at 0.25 A) [11]; the majority of the heat sink
was covered by this fan (3.15 in. w × 3.15 in. h), with a
minimal increase to the profile (0.39 in. d).

A Hokuyo UGH-08 laser ($3,500) and a MicroStrain
3DM-GX3-45 inertial measurement unit (IMU, $3,800) were
used for navigation purposes [33]. An array of six Sharp
2Y0A02 IR distance sensors ($12 each) provided cursory

information about the region behind the robot. An RGB-D
Microsoft Kinect ($150) captured the interactions of peo-
ple physically present with the robot [16]. A Logitech C910
webcam ($70) provided a downward looking view of the area
around the robot’s base [24].

Infrastructure was added to connect the components to
the fitPC-2, including a four-port CyberPower USB 2.0 hub
($15) and a Phidget 1019 IFK ($80) with built-in six-port
USB 1.1 hub. The Sharp IR distance sensors interfaced with
the Phidget 1019 IFK using the corresponding Phidget 1101
analog adapters ($11 each). The fitPC-2 connected to the
VGo robot using two FTDI USB-RS422 adapters ($35 each),
which replaced the pair of USB RS232 adapters and RS232 to
RS422 conversion circuit boards from the v0 design. A 2×20
character Phidget display ($19) and adapter ($65) showed
status information (e.g., battery level, wifi signal strength).
All of these components and an IguanaWorks IR transceiver
($48) connected to the USB 1.1 hub, and the webcam, Kinect,
laser, and IMU to the USB 2.0 hub.

The power system had three components. First, we used a
Minibox DCDC-USB buck–boost power supply ($60) which
regulated the power directly from the 12 V 15 Ah battery for
the laser and Kinect. We designed two single-layer, double-
sided custom-printed circuit boards. The signal and power
routing board (3.5 in. w × 2 in. h, Fig. 5) bridged the wiring
between the separate components in the robot’s left stalk,
right stalk, three acrylic panels located between the stalks,
the base laser, and the hat containing the Kinect and Logitech
webcam. To prevent mistakes in (re)assembling the robot, we
used flat ribbon cable (3M 3302 series) with keyed, locking
connectors (3M 3000 series) and strain relief; additionally,
each connector on the signal and power routing board had a
unique number of pins. Three adjustable step down switching
regulators (model DE-SWADJ 3, $25 each) provided power
to the fitPC-2 (9 V), the Phidget 1019 IFK (9 V), and the

Fig. 5 Custom signal and
power routing board for v1.0
iteration

3M 3000 Series 
connectors:

Phidget 1019 (40-pin)
Left stock (24-pin)

Rear IR array (26-pin)
Shirt LEDs (20-pin)
Right stock (30-pin)
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cooling fan and the USB 2.0 hub (5 V); each of these two-
pin power connectors were also keyed and locking. A second
custom power-OR board located in the base powered our aug-
mentations from the battery, dock charger, or wall charger,
whichever was the highest voltage power source. This power-
OR board also featured a relay, which we triggered when the
VGo’s power button was pressed so that our augmentations
would only receive power when the VGo was powered on.
At the end of this second design iteration, the total estimated
cost of modification was $16,500 USD including the standard
VGo robot.

5.2 Resulting design

The majority of these components were mounted on three
custom 0.25 in. thick acrylic panels, located in the vertical
space between Margo’s stalks; Fig. 6 shows an expanded and
side view of the panels. To prevent hardware from falling
into the robot’s internals potentially causing damage to the
system, we developed a technique in which hex nuts were
held captive between two 0.0625 in. thick acrylic layers,
bonded on either side of the 0.25 in. thick panel using a sol-
vent cement (Weld-On 4). We perforated the 0.25 in. thick
layer to reduce the weight of the middle and back acrylic

panels. We bonded acrylic O-ring risers to also prevent dam-
age to exposed circuit boards due to over-tightening when
(re)attaching the components to the panels.

The middle panel was first mounted between Margo’s
stalks, and the front and back panels then mounted to it.
Therefore, the middle plane had to be as stable as possible.
We placed three crossbars between the VGo’s two stalks with
one just below the head, one toward the bottom of the stalks
just above the VGo’s latching mechanism, and one between
them. The crossbars were T-shaped; the top and bottom cross-
bars were inserted from the same stalk, and the middle from
the other stalk to minimize horizontal movement of the mid-
dle plane when attached. The largest and heaviest component
was the fitPC-2 and drove the layout of components. We
mounted the fitPC-2 toward the bottom of the middle plane
between the middle and bottom crossbars to maximize its
stability and that of the robot overall. To prevent horizontal
and vertical movement, we emulated a VESA mount using
three M2 screw pairs; a velcro strap was used to secure the
fitPC-2 to the middle plane.

Margo featured a Hawaiian shirt, implying a fun, friendly
personality [15] and appealing to a large audience [35]. The
gender-neutral Hawaiian shirt motif is suitable for both male
and female operators [26,35]. The shirt was bright blue [57]

Fig. 6 Expanded and side view of Margo’s augmentation panels (v1.0)
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Fig. 7 Margo’s front panel
design (v1.0). a The Hawaiian
shirt design utilized three layers
of acrylic. The opaque white
base layer provided the
background for four clear
acrylic flowers inset with RGB
LEDs, and contained cutouts for
routing these LEDs and wires.
To maximize contrast and block
the LEDs from shining into the
translucent blue acrylic, the
flowers were outlined with a
border of the same opaque white
acrylic b The shirt is shown
assembled, complete with the
screw buttons and additional
etched flowers colored red
(color figure online)

(a) (b)

and decorated with tropical flowers. Four LED flowers indi-
cated state (Fig. 7); for example, red may indicate that the wifi
signal connection is weak, and green may show that the robot
is currently in use, matching with VGo’s “in call” status. Five
etched flowers were colored red using a heated wax crayon
technique [43] (Fig. 7b). A vertical line of decorative screw
“buttons” held the three acrylic layers together; four mount-
ing screws masked as “buttons” passed into the middle plane.

The back of the robot was designed for an administra-
tor’s use only. The back panel and the IR sensor array were
cut from translucent, dark gray acrylic, and the Hawaiian
shirt pattern was repeated in white (Fig. 1 right robot). Our
goal was to deemphasize the partially exposed components,
namely the fitPC-2’s cooling fan, the IR sensor array, and the
administrator’s access to the internal system. For safety pur-
poses, we designed a grill to cover the fan on the outermost
0.0625 in. thick layer of the back panel while also allowing
air to sufficiently circulate around the heat sink. We incorpo-
rated the Phidget 2×20 character display into the back plane
at the top of the shirt to show system and status information
(e.g., power levels, wifi strength). Below the IR array, we

exposed the fitPC-2’s USB, ethernet, and DVI ports and a
recessed soft reset button for debugging purposes.

The standard VGo has an upward-facing IR distance sen-
sor in the forward center front of the robot’s base to detect
a tall obstacle (e.g., table). We adjusted the position of the
IR sensor in order to recess mount the laser over the base
speaker (Fig. 8). Additionally, the laser’s formerly orange
cap has been covered with white silicon Sugru to minimize
it visually. The UGH-08 laser has a 240◦ field of view; how-
ever, the VGo’s vertical stalks blocked the laser’s view such
that it only returns meaningful values for the front 180◦. We
designed an array of six Sharp 2Y0A02 IR distance sen-
sors (Fig. 9) to provide cursory information about the space
behind the robot within 8–60 in. The IR array bustle extended
from the back panel but remained within the form factor of
the VGo’s base (Fig. 1 right robot).

Finally, the Kinect and Logitech C910 webcam were
housed in a “hat” which was located above the VGo’s servo
tilt camera (Figs. 10, 11). To minimize the size of the hat, we
removed the plastic exterior of the webcam and the Kinect,
and separated the Kinect’s three circuit boards. Only the
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Fig. 8 Hokuyo UGH-08 laser mounted on Margo. a The Hokuyo
UGH-08 laser was mounted in the forward center of the VGo robot’s
base, partially over the base speaker. b The VGo’s front speaker cover
plate and front bumper were drilled out to accommodate the laser and IR

sensor, respectively. c In the final design, custom 0.0625 in. thick acrylic
rings and white silicone Sugru give the modification a polished appear-
ance. The laser’s formerly orange cap has been visually minimized by
a white Sugru cover (color figure online)

Fig. 9 External and internal
views of IR array bustle. a The
exterior of the IR array bustle
was designed to blend in with
the back panel. The sensors
mounted to an inner arc behind
the exterior gray acrylic. b The
internal mount plate (blue)
screwed directly into the upper
and lower portions of the back
panel. The IR bustle was then fit
to the mount plate, guided by
the puzzle piece teeth and
securely attached with screws
(color figure online)

(a) (b)

camera board was housed in the hat, and we minimized
its footprint by removing the metal frame outside the IR
painter/camera pair. The remaining processing board and
motor board were mounted within the shirt (Fig. 6); we
replaced the 14-pin and 16-pin board connectors and cre-
ated ribbon cable extensions. Functional prototypes were
rectangular in shape (Fig. 11a). However, the rectangular
shape detracted from the VGo robot’s curved body design,
and we increased the height of the hat to incorporate an
arch over the Kinect and outward flaring mounting columns
to soften the harsh line (Fig. 11c). The final version of
the hat added approximately 6 in. to the robot’s height,
increasing its total height to a socially comfortable 54 in.
[26].

5.3 Software

A fitPC-2 running Ubuntu 12.04 LTS and ROS fuerte con-
trolled the motors and processes sensor information. The use
of ROS has become prevalent among academic and industry
researchers and, furthermore, was well suited for the com-
plexity of our system. We were able to leverage the distrib-

uted architecture and modular communication ROS provides
[36]. Figure 12 provides an overview.

5.3.1 Communicating with the VGo Base

The previous version (Hugo v0) did not interface directly
with VGo hardware; movements were controlled indirectly
by emulating the VGo remote control commands. The stan-
dard VGo robot uses serial communication to allow the
“head” and “base” to exchange information. For Margo v1.0,
we modified this connection by inserting a fitPC-2 between
them. The fitPC-2 established serial communication with the
base through a custom ROS node, vgo_serial_comm,
which had two modes. In the first mode, the node connected
the VGo’s head and base together by reading incoming pack-
ets and forwarding them to the appropriate destination; we
refer to this as the serial passthrough mode.

In the second mode, the fitPC-2 was able to directly
communicate with the VGo base using the VGo library.3

The vgo_serial_comm node published four topics every

3 Property of VGo Communications; used with permission.
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Fig. 10 Margo’s final Kinect hat design (v1.0). The “hat” contains a forward-facing Kinect camera board and down-facing Logitech C910 webcam,
mounted above the VGo’s tilt camera

(a) (b) (c)

Fig. 11 Design evolution of Margo’s hat (v1.0). The hat’s hard-lined,
rectangular, minimalist appearance evolved to a more curved form by
first creating an arch over the Kinect, and then flaring out the column
mounts which connected the hat to the VGo. a Early prototypes focused
on the placement of the downward-facing Logitech C910 webcam and
the mechanics of mounting the Kinect camera board. b Sketch used

to approximate the height and curvature of the top arch (shown as red,
long dashed line) and mounting columns (shown as green, short dashed
line). The dashed lined ovals framed the driver’s face. c The arch and
mounting columns were 3D printed; the color of the ABS plastic closely
matched the blue acrylic shirt (color figure online)

100 ms: power_data, ir_data, bumper_data, and
encoder_data. The power_data topic provided the
base’s status with respect to power, such as if the robot was
being charged, if the battery was indicating low power, and
if the base was being reset or shutdown.

The values from the four Sharp IR sensors in the VGo base
and the two switch sensors in its front bumper were published
to the ir_data and bumper_data topics, respectively.
The VGo robot features high-resolution motor encoders.
Values of the left and right motors were published on the
encoder_data topic. We had empirically determined that
5.18 encoder clicks were equal to a 1◦ turn of the drive wheel.
Thevgo_serial_comm node subscribed to thecmd_vel

topic, and the x value of the linear component and the z value
of the angular component of the Twist message were used
to set the translation and rotation of the motors.

5.3.2 Emulating the VGo IR remote control

The VGo remote control activates the robot’s head’s func-
tions: answering and hanging up a call, tilting the VGo’s
camera up and down, turning the robot’s volume up and
down, muting the volume, and taking a picture. From our
lirc_vgo_remote node, we emulated a button press by
executing irsend calls at the command line and specifying
the corresponding hex code, developed in the v0 iteration.
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Fig. 12 ROS software diagram. Software diagram for Margo showing
ROS services, nodes, and topics; directional arrows between nodes and
topics indicate subscription and publication. The blue coloring indi-

cates our custom software. Light pink indicates stacks, packages, and
repositories provided by ROS; dark pink indicates contributions from
the ROS community (color figure online)
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5.3.3 Utilizing ROS packages and stacks

To enable the rapid development of robot specific code
for the VGo robot, we built upon existing ROS stacks
and packages contributed by the community. We utilized
the hokuyo_node package for the UGH-08 laser, the
microstrain_ 3dmgx2_imu package for the IMU, the
openni_launch unary stack for the Kinect, and the
gscam package for the webcam’s video [14,22,27,38].
These nodes were instantiated as laser, microstrain_
3dmgx2_imu_node,hat_kinect_camera, andhat_
down_webcam, respectively, in Fig. 12. Additionally, we
utilized the gmapping package for generating maps from
the laser and the robot’s encoder values, and the amcl pack-
age for localizing on a given map with the robot’s location in
2D space and orientation [13,17]. We utilize the joy_node
package with a USB gamepad for teleoperation [37]; the node
is instantiated as gamepad in Fig. 12.

5.3.4 Model of robot for simulation

To simulate the robot and software stack through ROS in
Gazebo [25], we developed a custom 3D model of the robot’s
chassis (Fig. 13). Using SolidWorks CAD software, the stan-
dard VGo robot and all modifications were modeled. Points
of reference were added for all sensors (i.e., at the focal point
for all cameras, Sharp IR distance sensors, laser, IMU). These
allowed for accurate placement and orientation of sensors on
the virtual robot for simulation. The SolidWorks model was
then converted to a ROS-compatible URDF file using the
sw_urdf_exporter tool [4].

5.4 Discussion

We replicated Margo’s design twice and delivered the two
v1.0 robots in May 2012 to our collaborators at Tufts Uni-
versity and the University of Michigan. Margo was demon-
strated to three focus groups (n = 15) and used to conduct
a Wizard of Oz user study during August 2012 (n = 12;
see Tsui et al. [50,51]). The goal of both types of experi-
ments was to gain an understanding of how people would
want to control telepresence robots by directing it with spo-
ken language; that is, we removed the expectation of driving
the robot using a joystick, gamepad, arrow keys, etc. For
the August 2012 user study, we created a map of the envi-
ronment with which the robot used to localize itself; we
also collected rosbags during each participant’s run, which
included messages published to the robot’s motors and mes-
sages from the robot’s base sensors, the laser scanner, and
the Kinect’s RGB camera. This stream of information was
synchronized with the participants’ audio recordings, thus
providing context for analysis; full results are detailed in
Tsui et al. [50,51].

Fig. 13 3D model of Margo v1.0 shown as a line drawing (front view,
back view) and fully rendered (front view only)

The v1.0 prototype better satisfied our requirements; how-
ever, we have observed areas for improvement in the robot’s
design. The COTS components and acrylic panels nearly
doubled the VGo robot’s weight, which had a number of side
effects. The increased mass reduced the overall runtime of the
system since the motors’ force output had to be greater. Dur-
ing the August 2012 user study, we observed a slight defor-
mation of the wheels and difficulty turning in place after only
approximately 30 h of drive time.4 Also, Margo had a higher
center of gravity than a standard VGo due to the location of
the augmentations above the head and between the stalks.
Rapid acceleration and deceleration resulted in rocking and
sudden jolts with abrupt starts and stops; any jerkiness in the
robot’s motion was amplified in the robot operator’s view
since the camera placements are atop the robot’s head. For
the August 2012 user study, we had simply scaled down the
robot’s velocity.

We also found that the USB was intermittently over-
drawn, and the four-port USB hub would detach and reat-
tach. We posit two contributing factors to this issue. First,
to save on battery power, we designed a separate, switch-
able 12 V power line for the laser and Kinect. The UGH-
08 laser utilized a 12 V power connection and a USB 2.0
connection for data transfer; when the 12 V power was
absent, the device was off. The Kinect utilized a similar
connector setup. However, internally, the Kinect hosted its
own USB hub though which its motor board, audio system,
and cameras were connected. When the 12 V power was
absent, only the cameras were off. The other devices were

4 VGo Communications replaced the drive wheels with stiffer rubber
ones from an earlier revision.
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on, although we had removed the motor and speaker array.
Second, we had heavily modified the Kinect; we separated
the three circuit boards, replaced the 14-pin and 16-pin con-
nectors, and extended the cables. We were unable to guaran-
tee that these connectors or the main USB and power con-
nector would not loosen with the robot’s movements over
time.

Finally, as we began to implement the “go to destination”
and “follow person” navigation behaviors, we found that the
Kinect and the Logitech webcam were not able to operate
simultaneously when specified to use higher image resolu-
tions. According to the USB 2.0 standard, only 80 % of the
maximum bandwidth can be allocated since traffic may be
bursty [19]; allocation for a video device is based on image
resolution and does not account for frame rate. The fitPC-2
unfortunately has only one USB 2.0 root hub.

6 Third iteration: Margo v1.1

6.1 Selected components

To create the Margo v1.1 design, we incorporated a Lenovo
x230 laptop ($1,500) with an i7-2620M processor and 8 GB
RAM running, which also ran Ubuntu 12.04 with ROS fuerte.
The Lenovo x230 has three USB root hubs: one USB 2.0
connected through its docking station, one USB 2.0 and one
USB 3.0 in the laptop itself.

We replaced the Microsoft Kinect with the Asus Xtion
Pro Live ($170), which had several benefits. It required only
a single USB 2.0 port, thereby reducing the power consump-
tion. The Xtion had higher image resolution and a larger
field of view than the Kinect [16]. Its form factor was much
smaller than the Kinect; in fact, the internal circuit board and
heat sink were only slightly larger than the Kinect’s camera
board. We added a second Logitech C910 webcam ($70).
At the end of this design iteration, the total estimated cost
of system was approximately $18,000 USD, including robot
and modifications.

6.2 Resulting design

There were two major redesigns and two minor augmenta-
tions. First, in our assessment of features, we determined
the need for an emergency shut off for our robot’s move-
ments to ensure safety in operation among humans, and there-
fore we augmented Margo with a software emergency stop
(e-stop) on the top, back of the robot (Fig. 14). When the
black lanyard is pulled, the red e-stop containing a magnet
releases contact with the switch (Phidget 3560, BR-1014),
which is connected to a digital input on the Phidget 1090
IO board. We recognized that the jittery movements of the
robot were not pleasing features and we determined the need

Fig. 14 Margo v1.1 emergency stop and laptop augmentations. The
e-stop engages when the lanyard is pulled, similar to a snowmobile or
jetski throttle kill ripcord

for a new velocity management control. We then created a
velocity_manager ROS node with three profiles: one
for autonomous acceleration, one for gamepad controlled
acceleration, and one for deceleration. All velocity com-
mands are processed by the velocity_manager; if the
software e-stop is engaged, it overrides all velocity com-
mands sent to the motor with zeros.

In the second minor augmentation, we replaced Margo’s
casters. Her weight had begun to deform the outer plastic
casing on the right caster, which caused it to bind when tran-
sitioning between driving straight and turning in place. This
augmentation highlights a tradeoff. We replaced the existing
casters (the softer rubber wheels) with steel ball-bearing cast-
ers (Fig. 15). The former attributed to the overall audio qual-
ity (i.e., very quiet) but Margo was unable to autonomously
navigate. The latter are louder [9,46] but allow the robot to
move; fortunately, VGo’s video conferencing software can
choose to use only the forward-facing microphones. The sin-
gle ball on a bed of ball-bearings also mitigates aforemen-
tioned direction change issues.

The first major redesign involved the hat; we replaced the
Microsoft Kinect with the Asus Xtion and added the second
Logitech C910 webcam. Research has shown that a view
of the robot’s base can provide scale and a static, physical
real-world frame of reference to the user [23,31]; a user can
consciously map the robot embodiment to include an object
or image [6]. The Xtion’s view is parallel to the ground plane;
it is meant primarily to be used for interaction and conver-
sation with bystanders, as in v1.0. The new webcam bridges
the Xtion’s view with the existing downward-facing webcam
(Fig. 16).
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Stud-mount ball transfer 
with 1 inch steel ball 

(McMaster-Carr 6460K41)

Aluminum standoff 
(Grainger 5GHT7)

Pop rivet

Custom aluminum 
mount plate

Machine screw (1/4-20 
thread, 0.5 inch length)

Fig. 15 Margo v1.1 caster replacement featuring stud-mount ball transfers

Fig. 16 Margo’s v1.1 hat redesign with replacement of Kinect with Asus Xtion and addition of upper Logitech C910 webcam. The three hat
camera images are tiled on top of each other for a “stitched” view; the robot’s base is drawn to scale over the lower webcam

In the second major redesign, we reconfigured Margo’s
computing system and added a Lenovo laptop. The physi-
cal redesign was minimal and involved the creation of a U-
shaped mount through the robot’s rear battery compartment
and velcro straps (Fig. 14). However, we had to restructure
the software configuration. The fitPC-2 remained the ROS
master and oversaw the low-level function, as in v1.0. The
Xtion and second webcam were connected to the laptop. We
connected the fitPC-2 and the laptop using a private giga-
bit ethernet interface, and brought the fitPC-2’s wifi inter-
face offline. The software was restructured so that all ROS
nodes using image processing launched on the laptop, and
the video stream from the downward-facing webcam show-
ing the robot’s base passed over the private interface. Finally,

the laptop was setup to host a Rosbridge webUI for user inter-
face development [28].

6.3 Discussion

Weight continues to be an issue as the Lenovo laptop adds
approximately 8 lbs, bringing Margo’s total weight to 42.2
lbs. However, the USB bandwidth and processing are neces-
sary for our research. It also had the added benefit of increas-
ing the robot’s stability as the weight was added to the robot’s
base. In Hugo’s next design iteration (v2), we will further
reduce the robot’s weight by removing cutouts from the inter-
nal acrylic panels instead of perforation; another alternative
is to investigate a milled aluminum frame for the components

123



Intel Serv Robotics (2014) 7:103–119 117

between the stalks. Likely, we will have to investigate a dif-
ferent solution for the computation. In this next iteration, we
will employ a cost comparison analysis for our set of require-
ments and constraints, described by Vozar and Tilbury [56].

Also, Margo has limited interaction ability in the remote
environment. Like many commercially available telepres-
ence robots, Margo lacks manipulators thus cannot physi-
cally manipulate objects beyond pushing those on the floor.
Only a few robots have arms with which the robot opera-
tor can use to gesture (e.g., Robosem [34], EngKey [58]).
“Telekinesis” can be achieved using radio frequency (RF)
or IR emitters and wifi communication to remote con-
trolled and/or Internet-enabled devices. Hugo’s v2 design
will include new functionality to emit and receive IR com-
munication.

7 Summary and future work

We have presented the design chronology of augmenting a
standard VGo robot into a semi-autonomous social telepres-
ence robot research platform. Hugo (v0) and Margo (v1.0
and v1.1) are the culmination of 3 years of iterative design.
Hugo was a successful proof of concept; however, our v0
prototype did not have enough computational power to sup-
port the “go to destination” and “follow person” navigation
behaviors, nor the level of control over the base to accom-
plish these behaviors. The lessons learned while developing
Hugo lead to the formalization of requirements and design
constraints for the next iteration. Margo’s resulting v1.0 and
v1.1 designs have resulted in a telepresence robot platform
on which we have been able to develop our autonomous and
semi-autonomous navigation behaviors and user interface.

Our next step is to design a user interface for people with
cognitive and motor impairments to support local (within
camera view) and global navigation of a remote environment
in a safe and socially acceptable manner. Our interface will
utilize augmented reality techniques to visualize and overlay
cues on the robot’s three video feeds to provide in situ nav-
igation assistance. Simple language and familiar real-world
analogies may allow robot drivers to recognize how to use
the interface rather than having to recall how to use it from
training and/or their own experience previously operating the
robot [32]. We will illustrate the robot’s autonomous navi-
gation capabilities without requiring explicit mode changes.
For example, if the user has provided a destination, such
as in Ava 500’s user interaction [5,18], the interface might
show the robot’s current path to the goal as an overlay on
its live video feed originating from the base; this is concep-
tually similar to a car navigation system. The robot might
show its recognition of potential objects of interest or a per-
son by highlighting the objects as an overlay on its live video
feed. The user could then select an object of interest as a des-

tination. Shneiderman’s theory of direct manipulation [41]
states that we should simplify interactions by allowing for
direct control, rather than using indirect methods such as
joysticks and gamepads, to foster invisible interactions [44].
We believe the invisible interactions will allow the driver
and people in the remote environment to focus on the social
communication, not the technology itself [46].

The field of social telepresence robots is rife with open
research questions and challenges. Specifically, it is unclear
how to uniquely represent the driver beyond his or her pro-
jection on the telepresence robot’s screen. During the discus-
sion in one focus group [51], we noted that potential drivers
wished to customize the robot; they found Margo’s Hawai-
ian shirt to be acceptable but preferred to have a choice in
the appearance of their robot. It is also unclear as how best
to represent the driver to people in the remote environment
when they approach from behind. Hugo and Margo feature
bright, attractive shirt fronts, and their backs were intention-
ally deemphasized. However, people walking up behind the
robot are unlikely to know or expect a driver to be embodying
it [48]. Other open areas include how best to represent the
driver’s perspective of the environment (i.e., field of view)
without the use of a local display, and how to convey sub-
tle body language given a constrained 2 degree of freedom
robot embodiment. We believe that our and others’ research
in these areas will help the adoption of social telepresence
robots in the workplace, homes, and shared public spaces.
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