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Abstract—In order to conduct many desirable functions,
service robots will need to actuate buttons and switches that
are designed for humans. This paper presents the design of
a robot named Switchlt that is small, relatively inexpensive,
easily mounted on a mobile robot, and actuates buttons reliably.
Its operating characteristics were developed after conducting a
systematic study of buttons and switches in human environ-
ments. From this study, we develop a categorization of buttons
based on a set of physical properties relevant for robots to
operate them. After a human calibrates and annotates buttons
in the robot’s environment using a hand-held tablet, the system
automatically recognizes, pushes, and detects the state of a
variety of buttons. Empirical tests demonstrate that the system
succeeds in operating 95.7% of 234 total buttons/switches in an
office building and a household environment.

I. INTRODUCTION

Recent years have seen a growing interest in service robots
that assist humans in their daily lives, such as in households,
offices, factories, and hospitals. Interacting with physical
switches and buttons is a pervasive part of human life, used
to operate lighting, appliances, computers, elevators, and
machinery, and will therefore be an important capability for
these robots. As a result, these control devices have been
designed for simple, intuitive, and reliable operation by hu-
mans, both in terms of their ergonomic mechanical properties
and distinctive physical appearance. There are many types
of control devices in human environments, including push
buttons, toggles, slides, and knobs, and in this paper these de-
vices will hereafter be considered synonymous to a button or
a switch. Manipulating a button/switch to perform a desired
effect may also be variously referred to hereafter as button
pressing, switch operation, or switching. Operating switches
with a robot with human-level ease and reliability remains a
challenging task, due to the fundamentally different sensing
and actuation modalities on robots vs. humans.

This paper presents the system development and design
of a compact autonomous button operating robot called
Switchlt. It is a 3DOF device based on relatively inexpensive
sensing and actuator hardware (Fig. 1). A short manual
calibration setup is performed once for a given environment
using a handheld tablet and fiducial markers to identify the
identity and purpose of each button. After calibration, the
system recognizes and operates a wide variety of buttons
automatically. It can also use sensor feedback to detect
the state of many buttons and whether they have been
successfully operated.
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Fig. 1: Switchlt is a spherical robot equipped with an RGB-D
camera. Button panels are annotated using a QR code sticker affixed
during a manual setup phase. Shown here mounted on a tripod, the
robot is preparing to press buttons on an electronic passcode panel.

The system integrates three primary contributions:

1) We perform a systematic categorization of over 600
buttons and switches found in offices and homes into 6
classes based on their physical properties required for
robotic actuation. We propose a taxonomy of buttons
from a robot’s operational point of view, and character-
ize several relevant physical properties of these buttons,
including travel, size, shape, and operating force.

2) We develop an annotation, calibration, and perception
subsystem that achieves high-reliability button recogni-
tion, localization, and state detection. The calibration
process also handles reflective and dark surfaces.

3) We design a compliant, scalloped end effector tip that
can actuate pull buttons and turn knobs, and is robust
to positioning error.

In controlled testing, our perception system localizes buttons
with < 2mm error and detects the state of toggle switches
with 100% accuracy. For typical localization errors, the
scalloped tip design achieves 99% repeatability compared
with 89% for a cylindrical tip. We also test the system in an
uncontrolled office and home environment, with 234 switches
attempted in total. The platform succeeds at operating 224
(95.7%) total switches. In particular it was highly reliable at
operating push buttons, sliders, rockers, and switches.

II. RELATED WORK

Computer vision techniques have long been employed
for service robot to navigate and interact with objects in



human environments [1], [2]. Specifically, several authors
have addressed button identification issues that uses visual
features in RGB images to identify and locates buttons. Iden-
tifying features could either come from a priori knowledge
of the type of button [3], [4] or based on results of machine
learning [5]. Most prior research using features based on
prior knowledge is performed on elevators buttons [3]-[5].
The advantage of this approach both seen and unseen buttons
can be detected and to some degree understood automatically.
However, these algorithms usually must rely on contextual
cues such as grid layout and sequential arrangement of
the buttons. Machine learning strategies are also commonly
used [6], [7]. Sukhoy and Stoychev (2010) use an active
machine learning strategy to identify and trigger a button
autonomously. This method was used to train a robot to
identify the active part of a door bell, and to trigger it
effectively [8]. The auditory feedback of the feedback is used
to determine whether the button was successfully pressed.

Our approach asks for a small amount of environment
augmentation and manual labeling to identify each button
definitively. Environment argumentation has been used in
other robotics systems as well to aid in object identifications.
This removes ambiguity and achieves much higher accuracy
than automated identification while require minimal setup
time. Tools most commonly used are augmented reality tags
such as RFID tags [9], QR code [10] and other artificial
marks [11], [12]. Those tags usually provide information on
the location of the objects, instructions on how to interact
with this specific object and a task completion criteria. We
use a similar approach with QR codes, which was also
previously used to enable a mobile manipulator to plug itself
in [10].

The work arguably closest to ours is Nguyen et al (2009).
They uses a combination of an augmented environment
and a variety of sensors to help a robot interact with its
environment [9]. This work does allow the robot to operate
certain light switches. Force sensing and visual feedback,
in the form of a change in lighting condition, is used to
detect the change in button condition. In our work,we further
demonstrate that high accuracy localization can be achieved
using AR marker and RGB-D sensor alone, we also propose
parameterized motion primitives for each class of buttons
as opposed to the explicit defining instructions for each
individual object to interact with.

III. CHARACTERIZATION OF SWITCHES IN
HUMAN ENVIRONMENTS

A button or switch changes its internal electrical connec-
tion or signal based on the force applied to its external active
mechanical component. For a human or robot operator, the
underlying circuitry of a switch can be considered a black
box and can be mostly ignored. The main focus is performing
the appropriate physical action to correctly and safely trigger
the switch.

Although some industrial settings employ switches that
require significant force (or even tools) to be applied, here
we focus on switches that are designed to be operated by

one or two human fingers. These switches are designed
with size, shape, material, and mechanical resistance that
are comfortable for human fingers to manipulate. Moreover,
a switch usually has a distinctive appearance that indicates
its mechanical functionality and semantic meaning, and
usually provides feedback that can be promptly perceived
and interpreted.

Although switches are ergonomically designed, the move-
ment needed to trigger a switch safely and reliably is
actually a delicate skill, acquired by humans through years
of practice. Humans use memory, visual feedback, tactile
feedback, and a variety of finger and hand contact strategies,
and also progressively improve the efficiency and comfort of
switching motions. For example, to operate stiff switches, a
senior citizen with reduced hand strength will adopt finger
postures that apply more leverage to stiff switches.

We collected data for over 600 switches in office and home
environments to help design our robots operational charac-
teristics. This section describes their typical distribution and
operational characteristics.

A. Button Taxonomy

Laypeople usually address buttons by a common name
that references its function, such as light switch, toggle
button, touch pad, dimmer, or keyboard. Electricians cate-
gorized them on the basis of their electrical connection such
as single-pole single-throw (SPST) or double-pole single-
throw (DPST), or by their triggering mechanism (sliders,
push buttons) or the type of the application it is used on
(light switches, dimmers). For a robot, perhaps the most
useful categorization of switches is in terms of its physical
triggering mechanism.

The operating mechanism of buttons and switches can be
described with respect to a normal direction facing outward
from a button panel (a plane behind which the electrical
circuits are hidden). Our proposed taxonomy divides all
household buttons into following 6 types based on their
operating mechanism (Fig. 2).

Push-buttons operate via application of a force that
moves the operating part inward toward the panel. The
movement of the button is linear.

Toggles, such as in household light switches, generally
have a rod-shaped protrusion (known as a level) that
can be rotated about an axis to toggle between 2 distinct
states. Some toggle switches have 3 or even more states.
Internally, a spring and plunger mechanism is used to
aid in operation, and equilibrium is only achieved in the
extreme positions.

Sliders require lateral movement, but the level can
remain in equilibrium in any state in its travel range.
Typically a slider is operated with a linear motion
and stays in place using friction. However, some have
discrete equilibrium states enforced by internal springs.
Rockers are pressed on one of 2 ends like a seesaw
and toggle between two discrete states. Unlike a toggle,
a rocker is triggered by applying an inward force,
primarily normal to the button panel.
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Fig. 2: Buttons characterized by type.

Turn knobs rotate along a center axis perpendicular to
the panel face to adjust either a continuous or discrete
value. Humans typically operate knobs using much of 2
or more fingers to achieve sufficient tangential friction
about the axis.

Pull buttons operate by a pulling action that moves
the operating part away from the base to open or close
the contacts. To operate the button, it must be solidly
grasped either on the back or via friction on the sides.

B. Operation

Switches operate in three typical patterns: Momentary, Al-
ternating, and Latching. In momentary operation, the switch
is in an active state only while a force is being applied, and
then once unloaded, a spring returns the switch to its original
position. For alternating operation, the switch’s state is held
after it is released, and a different force must be applied
to change state (this characterizes almost all toggles, pull
buttons, and rockers). In latching operation, a second force
in the same location/direction of the initial force returns the
switch to its initial position, which is accomplished by some
spring-loaded toggling mechanism. Latching characterizes
several types of push-buttons.

C. Location and Geometry

The location of the button in the environment, direction of
travel, and the travel distance affect whether the operational
capabilities are within the workspace of the robot. We are
primiarily concerned with height, but to ensure accessibility
of a mobile base it may also be important for a robot designer
to consider surrounding obstacles and clutter. The geometry
of the button and its relationship to surrounding buttons is
also an important aspect of finger design, since it is important
to be able to press the button without accidentally activating
nearby buttons.

In our survey, the vast majority of buttons on the walls
or doors have a height of 1.06-1.44m above the ground.
The exception is elevator buttons, which have height range
0.88-1.72m. (The highest button is designed to be difficult
to reach; it is to be used only in case of emergency.)

TABLE I: Breakdown of button characteristics by type

Push Toggle  Slider Rocker Turn Pull
Prevalence 66% 25% 2% 2% 2% 4%
Force (N) 0.7-12.5 2.6-62 0.3-07 249 0.7-15  3-20
Force (N) 7.15 4.61 0.5 4.5 4.2 10.2
Trav. (cm) 0.1-035 1-2 0.5-11 0.2-045 152 0.2-0.7
Trav. (cm) 0.167 1.53 4.3 0.3 24 04
Sep. (cm) 1.6 8.5 X X X X
Height (cm) 119 126 122 118 76 132
D. Force

There are different types of forces associated with button
pressing, but we primarily focused on Operating Force (OF)
which is the peak force needed to change the state of the
button. The typical force-stroke characteristic of a button
displays no movement until a breakaway force is reached,
after which the force increases with increasing displacement
until the peak at the operating point. Afterwards, the force
follows a sharp decrease, and then gradually increases again
until reaching the total travel distance [13]. If tactile sensing
is available, force profiles can be very helpful for detecting
the success of button pressing. However, our system uses
encoder derivatives to estimate the applied force.

Tab. I gives results of our survey, listing range and mean
value of operating force (Force and Force, respectively).
Most buttons have OF in the 4.5-8.5N. 19.7% of buttons
have OF > 8.5N and 20.8% have OF <4.5N. Only two
buttons exceeded OF > 12N. For example, an elevator emer-
gency stop pull button required 22N to operate. However,
we find these buttons are not designed to be used on a daily
basis.

It should be noted that all buttons we surveyed have been
in operation for at least one year. New buttons are usually
much harder to activate and require some usage before their
internal springs soften.

E. Surface material

The body of electronic switches are usually made with
metal or plastic. While highly polished plastic and metal
makes attractive appearances, reflective surfaces are chal-
lenging for depth estimation with sensors. Our survey shows
that 39% of buttons are made with highly polished plastic
or metal and 10% are made with black material.

FE. Travel distance

There are two parameters regarding travel distance: the
total travel (TT) and operating travel (OT). TT indicates
distance to a hard stop, while OT indicates distance until
the switch is triggered. We are primarily interested in deter-
mining OT, although TT may be useful for tactile feedback.
Most switch specifications suggested TT-OT to be between
0.5mm-1.8mm [14], [15].

In our survey, OT varies significantly, particularly among
sliders (Tab. I). However, we are most interested with the
travel of push buttons, since they provide the least reliable



visual cue of button state. From this data, we determined
that an open-loop position controlled robot could press
down a maximum of Smm before linear actuator motor stop
is detected to maximize its chance of activating a button
successfully, while also being unlikely to cause damage to
the button.

IV. THE SWITCHIT PLATFORM

With the above data in mind, the Switchlt robot accessory
is designed to operate a large number of switches and to be
easily mounted on a mobile robot platform. Setting up the
system for use in a new environment requires a human to
first perform a calibration procedure, which involves affixing
QR codes to button panels and annotating reference models
of the panels using a hand-held tablet. Afterward, the system
will autonomously recognize any visible panel, suggest a
reference position for the robot’s base, and once in position,
press a requested button or sequence of buttons.

A. Hardware

The robot arm used in our system is a custom 3DOF
spherical robot that can pan, tilt and extend. The pan-
tilt DOFs are ScorpionX MX-64 Robot Turret kit item
number KIT-SXT-MX64 and extension is provided with a
50mm Firgelli Linear actuator. We have tested the physical
capability of the arm in its workspace and measured a output
force exerted by the tip in a range from 6N to 18N. Although
the robot is generally weaker and more susceptible to flexing
the further it moves away from the center of the workspace, it
should nonetheless be strong enough to trigger most buttons,
which have operating force < 12N. The positioning accuracy
of the robot after calibration is measured to be sub-millimeter
on average, and less than 3mm maximum.

For sensing we use a single Intel RealSense F200 RGB-D
camera to do colour and depth capture. These cameras are
inexpensive (purchase price $129), have a depth range of 20—
120 cm, and work optimally in well-lit, indoor environments
and diffuse objects.

Both the robot and camera are mounted on a fixed base
using Plexiglass and a camera mount. We assume that the
mount is attached to a mobile robot or an arm that has
sufficient rigidity to keep the unit roughly in place while
it presses buttons.

B. Scallop fingertip

We considered using a cylindrical rubber-coated tip, with
similar shape and size to a human-finger. However, a novel
scallop design proved to manipulate buttons much more
reliably. The principle of the design is to increase tolerance
against positioning error, and to enable motion primitives
of pulling and turning which are usually difficult to achieve
with a 3-DOF robot.

The design contains four rigid scallops protruding from
its lateral edges (Fig. 3). For switches with activating rods,
a scalloped channel guides motion towards the center-line,
which corrects for positioning error and increases effective
lateral friction. An underlying skeleton is 3D printed from

(a) Scallop tip skeleton (b) Scallop tip with coating

(c) Side view of tips. From
top to bottom: scallop skele-
ton, cylindrical, scallop coated
with rubber

(d) Top view of tips. From
top to bottom: scallop skele-
ton, cylindrical, scallop coated
with rubber

Fig. 3: Cylindrical and scallop tip designs

rigid plastic, and this is coated with a 1-3mm thick PMC-
121/30 rubber compound. The rubber coating provides com-
pliance and large friction that helps correct for positioning
errors and reduce slippage. The coating at the forward tip
of the finger is curved with a dimension and shape similar
to a human’s index finger. The scallop protrusions are also
coated with longer rubber “skirts” to establish larger contact
area when turning knobs. Finally, the rigid skeleton is also
designed with a narrow “hook” located on one side of the
finger, which is designed for holding onto pull buttons.

C. Environmental annotation and calibration

To apply the method to a new environment, a manual
setup procedure must be performed to populate a database of
known button panels. The process is relatively fast and the
environment is minimally altered. For example, to complete
annotation, calibration, and information entry for a medical
device panel with 10 buttons takes less than 4 minutes
(Fig. 4). The procedure consists of the following steps:

The user affixes a QR code on or near the button panel.
Using a tablet with attached RGB-D camera, the user
takes a picture of the panel and provides an identifier
for the panel.

Guided by the annotation GUI, the user adds each
button by name, type, and designates areas of interest
on the picture.

The panel identifier, QR code, RGB-D information,
button names, type, location, size, and areas of interest
are saved to a database.

It should be noted that dark or highly reflective panels
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Fig. 4: Steps of the panel calibration process

and buttons cause problems with depth estimation, which
could lead to erroneous 3D button location estimates. To
accommodate these types of materials, the user should tem-
porarily apply matte tape (masking or painter’s tape) to the
button panel when capturing the reference RGB-D image.
After calibration the tape may be removed.

One omission of the current procedure is that we do not
store a 3D map of button panel locations. As a result, to
use our system, a mobile base must be able to first position
the camera to observe the panel’s QR code. Future iterations
of our system might record panel location, and incorporate
simultaneous localization and mapping (SLAM) software to
guide a mobile base to a desired panel.

D. Button Panel Recognition and Localization

Recognition and localization consists of an imprecise QR
code localization followed by a more accurate point cloud
registration via Iterative Closest Points (ICP) algorithm [16],
[17] . When a QR code is detected, the panel reference RGB-
D image and all button annotations become available. A
first guess is obtained from the QR code, which gives an
estimated affine transformation between the reference image
coordinates and the current camera coordinates. Since QR
codes are relatively small, this estimate is often inaccurate.

To improve accuracy, we then apply ICP to match the point
cloud corresponding to the reference RGB-D image to the
currently observed point cloud. The QR code localization
gives a reasonable initial guess for this optimization. It
should be noted when depth data is missing or corrupted

(b) Side view (c) RGB front view

(a) Front view

Fig. 5: Point cloud and RGB view showing localization of button
surface in real-time. Computed locations of the buttons are drawn
as red rectangles.
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Fig. 6: Calibration areas by button type

by dark or highly reflective surfaces, ICP is not as effective,
and localization relies more on the QR code and surrounding
non-reflective surfaces.

E. Button State Recognition

Many buttons provide tactile and/or auditory feedback
primarily intended for humans, which can also be used by
the robot to determine whether it has successfully been
switched. For robot not equipped with microphone or force
sensor, it can be quite difficult to determine the state of
the button and to confirm the completion of the task. Some
of the previous research uses heuristics such dimming in
the lighting condition to determine if light switch has been
successfully switched off [9]. However, those heuristics are
not always available or can be relied on.

Switchlt uses RGB-D information to detect the state of
toggle, slider, and rocker switches, as well as push-buttons
with back-lit LEDs. The shape of different switch positions
can be quite distinctive. The lever rod of a toggle switch rests
on 2 opposite sides at different states, and rocker surfaces
tilt up at different sides. Take a light switch as an example.
If the switch is in the up position, the average distance from
the button surface to the underlying plane will be greater on
the upper side of the button.

Using a region of interest from the calibration data, our
method calculates the average displacement from the panel
plane in both halves of the switch, and detects the switch



position by the maximum displacement. We filter out noise
at 5 cm distance from the panel since this is most likely
caused by obstacles in front of the camera, e.g., the robot
itself. We use the same method for detecting states of rocker
buttons and sliders.

State detection is challenging for push-buttons, since many
do not change in appearance and shape after activation.
Some push buttons do provide visual cues, for example,
an LED back-light. We therefore focused on detecting these
differences in the RGB image. However, we find that very
few push buttons provide visual cues, and the interpretation
is not always consistent (e.g. a backlight turns on vs the
button itself lights up).

E Control

The controller of the robot is initiated when the robot is in
reach of the button panel, and a button pressing sequence has
been specified. The robot performs one or more guarded end
effector moves in Cartesian space, determined by the button
type and areas of interest collected during calibration. The
pushing strategy for each type of button is as follows:

Push: Approach the center of the marked zone and push
down. Pushing stops if one of the following conditions
have been met: 1) the linear actuator has fully extended
by Smm, or 2) encoder readings indicate that the linear
actuator has been stopped for 0.2s.

Toggle: Linearly interpolate between center of 2 zones,
in the direction needed to switch off / on.

Rocker: Linearly interpolate from zones 1 to 2 or from 3
to 4, depending on the operational state. (We found this
diagonal movement to slip less frequently than pushing
straight downward.)

Slider: Same as the toggle, except that the user /
supervisor can specify a fractional travel amount.

Turn Knob: Button center locations, button radius, and
knob depth are determined from the marked region.
During actuation, the tip touches the side of the knob
and moves in a circular motion in the direction specified.
Pull: First, approach the side of the button with the
“hook” pointing inward and then move inward by
Smm. Interpolate toward a point Smm in front of the
pull button surface center, or until the encoder reading
indicates that the linear actuator motor has been stopped
for 0.2s.

V. EXPERIMENTS

We have done an full accuracy measurement of our system
and separate localization errors with and without ICP. We
also test our system with test panels that contains buttons of
various types, shapes and stiffness, and finally an exhaustive
real-world test in office and home environments.

A. Calibration

The robot and camera are automatically calibrated using
a colored cross shape fiducial fixed to the end of the robot
with a pin. Colored blob detection and averaging produces
a relatively accurate measurement of the 3D tip position

(a) Robot and
camera are
calibrated using a
cross marker

(b) Center button is
located at the intersec-
tion of opposing diag-
onal circles

(c) Center plate is
removed during the
test to not interfere
with tip motion

Fig. 7: Accuracy test apparatus

in the camera frame. The robot is driven to 30 random
locations within its workspace and its joint coordinates are
recorded. When the four circles are visible in both color and
depth images and agree on the tip position within 5 mm, we
consider the tip to be accurately measured. A least-squares
transformation matrix between joint coordinates and sensed
positions is then fit to the data. After calibration we find the
mean average error in the range of 0.8mm-1mm with the
maximum error less than 3mm.

B. Measurement of system accuracy

We built an apparatus to measure the cumulative position-
ing error of the system including human set-up error, cali-
bration error, localization error, and hardware inaccuracies.
We built a button panel with a “virtual button” in the center,
whose coordinates are at the center of two colored diagonal
visual features (Fig. 7). We conducted 500 test pushes using
panel localization to determine the button location. Between
each push we changed the position and orientation of the
panel, with the entire panel oriented on each of its four
sides and with yaw altered to up to 45 . The tip position
was measured using the calibration cross marker, and “true”
button center position was measured using the larger cross
features. Results show the average euclidean distance from
the tip center to the sensed button center is 1.9mm, with an
outlier of 8.39mm (Fig. 8). This outlier was likely caused by
a hardware fault on the linear actuator.

To isolate performance of our panel localization system
we performed 500 localization readings on a different test
panel that has several buttons (slider, rocker, push button,
and switch) and a color-based fiducial on the push button. We
compare the estimated button position from panel localiza-
tion against the “ground truth” location from color tracking.
Testing repeatability for a static panel (i.e., the effect of
camera noise) gives a maximum euclidean distance error of
2.56mm using only QR localization, which is reduced to
0.5mm with ICP. Repeating this experiment while shifting
and rotating the panel between each reading, localization
with QR code only had a maximum error 2.76mm, reduced
to 1.3mm with ICP.

C. Test panel experiments

As a controlled test of our platform’s reliability in op-
erating switches, we built 2 test panels, one with toggle






