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Abstract—In this paper, we consider Tactile Cyber Physical
Systems (TCPS), which differ from typical CPS in that haptic
sensory feedback is included. In particular, we design and
implement a TCPS testbed, called TCPSbed, using well-defined
components and interfaces glued together using APIs. In addition
to real connections, our testbed supports the interconnection of
components over an NS3-emulated network. The testbed also
supports the integration of applications that mimic the behaviour
of real-world embedded objects. Since controlling latency and
ensuring stability is crucial for TCPS applications, the testbed
includes tools for fine-grained characterization of latency and
control performance. Finally, through proof-of-concept experiments with our testbed, we demonstrate TCPSbed’s capabilities
to facilitate TCPS research and development.
Index Terms—Tactile Internet, Haptic communications, Step
response, Network latency.

I. I NTRODUCTION
The Internet was designed primarily for exchange of data,
but over the years it has evolved into a medium for transferring
real-time audio and video as well. Recently, Fettweis and
Alamouti [1] have provided a new vision for the Internet,
referred to as the Tactile Internet, in which the Internet is also
used as a medium to transport haptic information. Exchanging
haptic information enables real-time steering and control of
remote objects. This brings forth a new type of Cyber Physical
Systems (CPS), which we refer to as Tactile Cyber Physical
Systems (TCPS). In a TCPS, an operator, called tactile master,
manoeuvres a robot, called tactile slave, remotely through
the Tactile Internet. An example of a TCPS application is
telesurgery. Here a surgeon steers a robot over the Internet
to perform surgery. The haptic feedback helps the operator to
get a feel for the physical environment and objects with which
the robot is interacting. For instance, it helps the surgeon to
assess and communicate the right amount of force to the robot
for handling surgical objects of different build and texture.
Humans noticing disputes between various sensory modes
may experience discomfort. In TCPS, this may happen due to
the delayed and asynchronous appearance of sensory feedback
of different modalities like haptic, video, audio, etc., at the
operator side, which is referred to as cybersickness. To avoid
cybersickness in TCPS, the round-trip latency should not
exceed a few milliseconds [2]. This requirement places an
upper limit on the network round-trip latency, and this value
is often reported to be 1ms, although it could somewhat be
relaxed through machine learning techniques that anticipate

certain movements. Current ambitions for 5G communications
stipulate similar network latency objectives. However, even if
we assume the availability of an ultra-low latency network
in the foreseeable future, for realizing TCPS applications,
significant research is required in designing and building the
hardware, algorithms, protocols, and communication components that accompany it [3]. Being able to measure and isolate
the latency of different components, instead of solely end-toend as is mostly done, is imperative. This calls for building a
testbed, as presented in this paper, where TCPS applications
and associated components can be realized and characterized.
Our main contributions are as follows: In Section II, we
present the design of our testbed, which, to the best of our
knowledge, is the first TCPS testbed. In Section III, we
propose methods to characterize component-level latencies
and step-response behaviour using our testbed. In Section IV,
we describe the implementation of the testbed and, through
experiments, demonstrate its capabilities. We list related work
in Section V, discuss potential avenues for future work in
Section VI, and conclude in Section VII. Some of our Tactile
Internet related software will be made open source at [4].
II. T ESTBED D ESIGN
A TCPS consists of three sub-systems: the operator end
including the tactile master, the remote end including the
tactile slave, and the Tactile Internet connecting the two endsystems. The design of our TCPS testbed, as presented in this
section, is guided by the following feature objectives:
• Ability to measure and isolate the latency of individual
components from a live TCPS application.
• Allowing for the use of both real and emulated networks.
• Ease of use through a user-centric design, including a
graphical front-end to configure the testbed parameters
and scripts to activate the testbed components.
A. Component-Level Design
The components of our testbed are shown in Figure 3 and
are described below.
The tactile master represents the human operator while the
tactile slave represents the robot being controlled.
We use embedded computing boards at both the tactile
master and the tactile slave sides. The board on the master
side, termed ms embsys, houses sensors and algorithms to
capture the kinematic motions of the master. It also contains

