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We would like to use this opportunity to present a poster which summarizes our work on haptic perception from
incidental contact during manipulation tasks using wholearm tactile sensing. We are presenting the summary of our 5
previously published papers, and would like to use this workshop as a platform to discuss the results and get feedback
on our work till now. We would also like to discuss our recent work on combining tactile sensing and vision for rapid
haptic mapping. The 5 papers are given below.
Haptic Classification and Recognition of Objects Using a Tactile Sensing Forearm
Tapomayukh Bhattacharjee, James M. Rehg, and Charles C. Kemp
Abstract [1]:
In this paper, we demonstrate datadriven inference of mechanical properties of objects using a tactile
sensor array (skin) covering a robot’s forearm. We focus on the mobility (sliding vs. fixed), compliance (soft vs. hard),
and identity of objects in the environment, as this information could be useful for efficient manipulation and search. By
using the large surface area of the forearm, a robot could potentially search and map a cluttered volume more
efficiently, and be informed by incidental contact during other manipulation tasks. Our approach tracks a contact region
on the forearm over time in order to generate time series of select features, such as the maximum force, contact area,
and contact motion. We then process and reduce the dimensionality of these time series to generate a feature vector to
characterize the contact. Finally, we use the knearest neighbor algorithm (kNN) to classify a new feature vector based
on a set of previously collected feature vectors. Our results show a high crossvalidation accuracy in both classification
of mechanical properties and object recognition. In addition, we analyze the effect of taxel resolution, duration of
observation, feature selection, and feature scaling on the classification accuracy.
Tactile Sensing over Articulated Joints with Stretchable Sensors
Tapomayukh Bhattacharjee, Advait Jain, Sarvagya Vaish, Marc D. Killpack, and Charles C. Kemp
Abstract [2]:
Biological organisms benefit from tactile sensing across the entire surfaces of their bodies. Robots may
also be able to benefit from this type of sensing, but fully covering a robot with robust and capable tactile sensors
entails numerous challenges. To date, most tactile sensors for robots have been used to cover rigid surfaces. In this
paper, we focus on the challenge of tactile sensing across articulated joints, which requires sensing across a surface
whose geometry varies over time. We first demonstrate the importance of sensing across joints by simulating a planar
arm reaching in clutter and finding the frequency of contact at the joints. We then present a simple model of how much
a tactile sensor would need to stretch in order to cover a 2 degreeoffreedom (DoF) wrist joint. Next, we describe and
characterize a new tactile sensor made with stretchable fabrics. Finally, we present results for a stretchable sleeve with
25 tactile sensors that covers the forearm, 2 DoF wrist, and end effector of a humanoid robot. This sleeve enabled the
robot to reach a target in instrumented clutter and reduce contact forces.
Rapid Categorization of Object Properties from Incidental Contact with a Tactile Sensing Robot Arm
Tapomayukh Bhattacharjee, Ariel Kapusta, James M. Rehg, and Charles C. Kemp
Abstract [3]:
We demonstrate that datadriven methods can be used to rapidly categorize objects encountered through
incidental contact on a robot arm. Allowing incidental contact with surrounding objects has benefits during
manipulation such as increasing the workspace during reaching tasks. The information obtained from such contact, if
available online, can potentially be used to map the environment and help in manipulation tasks. In this paper, we
address this problem of online categorization using incidental contact during goaloriented motion. In cluttered

environments, the detailed internal structure of clutter can be difficult to infer, but the environment type is often
apparent. In a randomized cluttered environment of known object types and “outliers”, our approach uses Hidden
Markov models to capture the dynamic robotenvironment interactions and to categorize objects based on the
interactions. We combined leaf and trunk objects to create artificial foliage as a test environment. We collected data
using a skinsensor on the robot’s forearm while it reached into clutter. Our algorithm classifies the objects rapidly with
low computation time and few datasamples. Using a taxelbytaxel classification approach, we can successfully
categorize simultaneous contacts with multiple objects and can also identify outlier objects in the environment based on
the prior associated with an object’s likelihood in the given environment.
A Robotic System for Reaching in Dense Clutter that Integrates Model Predictive Control, Learning, Haptic
Mapping, and Planning
Tapomayukh Bhattacharjee, Phillip M. Grice, Ariel Kapusta, Marc D. Killpack, Daehyung Park, and Charles C. Kemp
Abstract [4]:
We present a system that enables a robot to reach locations in dense clutter using only haptic sensing.
Our system integrates model predictive control, learned initial conditions, tactile recognition of object types, haptic
mapping, and geometric planning to efficiently reach locations using wholearm tactile sensing. We motivate our work,
present a system architecture, summarize each component of the system, and present results from our evaluation of the
system reaching to target locations in dense artificial foliage.
Inferring Object Properties from Incidental Contact with a Tactile Sensing Forearm
Tapomayukh Bhattacharjee, James M. Rehg, and Charles C. Kemp
Abstract [5]: 
Wholearm tactile sensing enables a robot to sense properties of contact across its entire arm. By using
this large sensing area, a robot has the potential to acquire useful information from incidental contact that occurs while
performing a task. Within this paper, we demonstrate that datadriven methods can be used to infer mechanical
properties of objects from incidental contact with a robot's forearm. We collected data from a tactilesensing forearm as
it made contact with various objects during a simple reaching motion. We then used hidden Markov models (HMMs) to
infer two object properties (rigid vs. soft and fixed vs. movable) based on lowdimensional features of timevarying
tactile sensor data (maximum force, contact area, and contact motion). A key issue is the extent to which datadriven
methods can generalize to robot actions that differ from those used during training. To investigate this issue, we
developed an idealized mechanical model of a robot with a compliant joint making contact with an object. This model
provides intuition for the classification problem. We also conducted tests in which we varied the robot arm's velocity
and joint stiffness. We found that, in contrast to our previous methods [1], multivariate HMMs achieved high
crossvalidation accuracy and successfully generalized what they had learned to new robot motions with distinct
velocities and joint stiffnesses.
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