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Abstract

Though a small part of the body, the human hand is complex and remark-
ably versatile and multipurpose. Much work has gone into understanding
the hand, such as understanding the physical capabilities of the human
hand, how humans develop manipulation skills throughout the lifespan,
how people translate task requirements into grasping strategy, and so on.
Despite that, human manipulation is still not well understood. For example,
how many grasps or manipulation actions do people use in daily life? How
often and under what circumstances do people use both hands simultane-
ously instead of one? A better understanding of how humans grasp can im-
prove our ability to control robotic hands, which are still far behind human
hands in dexterity.

In our work we have used a variety of methods to observe how humans
grasp and manipulate in natural, everyday settings. We have used photos
taken throughout a normal day; high-framerate video in a specific setting
(that of a convenience store); and cameras and motion capture systems in
the context of a controlled experiment involving transporting a bowl from
one location to another. In these studies we found that a single grasp pose
can be used for a variety of actions, were able to observe the grasping pro-
cess in detail, and found that minimizing body rotation plays a large role
in the use of one hand vs. two in transport tasks.

We propose applications of some of the main findings of these studies to
the goal of improving the success of grasping performed by robotic hands
and virtual characters. In particular, we propose using the detailed grasp-
ing behavior found in the high-framerate video to create a simple soft hand
capable of executing several ways of turning precision grasps into power
grasps.

This work thus presents the results and insights from investigations of
human manipulation and lays out ways in which those insights can be
used to improve the capabilities of artificial manipulators.
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Introduction

A major goal in the field of robotics is the creation of robots capable of us-
ing their hands as humans use their hands. The ability to do so would al-
low robots to be useful in environments too dangerous for humans and to
assist people in the home who have difficulty with activities of daily living.

People have pursued various lines of research to get closer to achieving
this goal. For example, improvements in the design of robotic hands/grippers,
computers’ visual understanding of images (computer vision), and control
schemes robust to uncertainty have yielded improvements to the ability of
robotic hands to grab and manipulate objects.

Although we use the human hand as a model and as the goal for robotic
manipulation, anthropomorphic robot hands that resemble the human hand
are complicated and hard to control. In practice, the most successful, reli-
able hands for grasping have been simpler and non-anthropomorphic ones,
such as the SDM hand [Dollar and Howe, 2010] (Fig. 1.1a) and the coffee-
grounds-filled universal gripper [Amend et al., 2012] (Fig. 1.1b).

Part of the problem is the complexity of control and the lack of sensors
on robotic hands, in contrast to human hands which have a dense network
of touch receptors in the skin of the hands. However, part of the problem
is that we do not have a detailed enough understanding of how humans
use and control their hands to know how much robotic manipulation is lim-
ited by these shortcoming.
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In this work, we seek to partially fill this gap in our understanding of
human manipulation and apply the knowledge gained to the task of creat-
ing artificial manipulators. We observe grasping in everyday situations in
order to understand how people use their hands to manipulate their envi-
ronment, and we conduct controlled experiments to understand how envi-
ronmental cues change people’s choice of grasping strategy. We then ap-
ply the results of those investigations to the control of artificial hands.

1.1 List of definitions

Dexterity In general, refers to the ability of a hand to successfully manipu-
late its environment, which can include both grasping and manipula-
tton. Sometimes, dexterity refers specifically to minute motions of the
fingers needed to perform difficult manipulation tasks.

End effector The point of interaction with the environment for a robot ma-
nipulator. This word can refer to a robot hand or finger, which may
not necessarily resemble a human hand or finger.

Grasping Generally refers to when a hand is able to hold an object securely
in a gravity-independent way. However, the notion of grasping can
also be extended to cases when a hand is able to secure an object with
help from the environment or gravity.

Grasp pose The shape of a hand when grasping an object.

Intrinsic manipulation / within-hand manipulation Manipulation that occurs

2



1.2. Research questions

entirely within the hand without help from the environment or arm.

Manipulation Any way of using one’s hands to effect changes in the envi-
ronment, such as changing an object’s 6-D position and orientation,
applying forces to objects, or using objects as tools.

Pick and place A type of manipulation that involves grabbing and moving
objects. Mainly involves forming a stationary grasp pose that allows
an object to be securely attached to the arm via the hand and then
moved with body or arm movement.

Prehension Synonymous with grasping. Literally laying hands on some-
thing and acquiring it into the hand.

1.2 Research questions

Research question #1: How many grasp poses do people use in daily life?
An answer to this question helps us understand how complicated the space
of human grasping is, and also what may be needed to create manipula-
tors that are as dexterous as humans. Various taxonomies have been cre-
ated by observing engineers as they work [Cutkosky, 1989] or asking sub-
jects to grasp a wide variety of objects [Kamakura et al., 1980]. We add to
this line of research by observing the grasps used during the daily life of
two subjects and supplementing this with more occupation-specific grasps.

Research question #2: How do people acquire objects into their hands?
This question is concerned with understanding the whole process of grasp-
ing — given a final hand shape (final grasp), what intermediate steps are
taken in order to lift the object into the final grasp? Here, we take advan-
tage of the greater ubiquity of slow-motion (120 frames per second) cam-
eras to better answer this question. We record video that details the grasp-
ing process of a subject in a natural setting as they grab and replace items
in a convenience store.

Research question #3: What factors influence grasp strategy? The first
two questions deal with the "how” of grasping — here we deal with the "why”.
What cues in the environment do people pick up on that affect their choice
of grasping strategy? Possible cues include properties of the object (its size,
weight, shape, material, etc.) as well as aspects of the environment or task
(object location, presence of obstacles or constraints, difficulty of desired
task, etc.). A rich body of research exists that investigates the connection
between cues and grasping strategy (e.g. [Gilster et al., 2012; Rosenbaum
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et al., 2010; Cesari and Newell, 2000]). We add to this line of research by
focusing on factors that affect use of one or both hands when grabbing

and moving an object. The factors tested were object size and weight, ob-
ject starting position, and the importance of maintaining balance in whether
people choose to use one or two hands in a bowl-transporting task. We also
consider how choice of hand shape is affected by these factors.

Research question #4: Can we use the insights from observing human
grasping to make better graspers? We can use our observations of human
manipulation in order to inform the design and control of robotic hands.
Observations of the grasping process reveal that people make use of strate-
gies capable of turning a weak or environment-aided grasp into a final
power grasp. We created a robot hand capable of performing these actions.

1.3 Contributions

This thesis seeks to better understand the considerations underlying grasp-
ing and manipulation, and to use those insights to advance the develop-
ment of dexterous robotic hands. The contributions of this work are as fol-
lows:

e Creation of a database containing 179 actions from daily life, useful
for benchmarking artificial manipulators (Chapter 3).

e Insights from the above database about grasping that there are more
hand shapes than previous taxonomies would suggest, and that the
same grasp can be used in multiple ways (Chapter 3).

e A method for annotating action that can distinguish the different
ways in which a single grasp may be used in practice by adding infor-
mation on the type of force being applied, motion and force direction,
and whether there are constraints on the motion or force (Chapter 3).

e Using handheld slow-motion cameras to create a video dataset con-
taining 91 slow-motion picking and placing tasks in clutter. From
that dataset, we also created a set of annotations for eight of the ac-
tions through the lenses of three existing manipulation taxonomies
and two other lenses focused on errors and the role of contact. We
also compiled a list of ways within-hand movements were used by the
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actor captured in the dataset. All three are useful for benchmarking
either artificial manipulators or vision systems (Chapter 4).

Insights from the above database about grasping, such as that intrin-
sic motions are utilized in simple pick-and-place tasks; that contact
with the environment is exploited to guide or aid manipulation; and
errors occur frequently and are recovered from quickly (Chapter 4).

Evaluation of the ability of current taxonomies to describe manipu-
lation. Taxonomies for grasp poses, within-hand movements, and de-
scribing general manipulation are all useful for describing grasping
strategy, but have limitations in their ability to capture common vari-
ations on grasp poses, environment-aided manipulation, and multi-
tasking (Chapter 4).

Investigation into the reasons why people use one or two hands when
transporting objects, useful for creating realistic animated charac-
ters and robot manipulators suitable for interacting with humans. The
insight from this investigation is that different transport strategies
involve different amounts of rotation or amounts of stability, which
drives selection of transport strategy (Chapter 6).

Investigation into the unimanual and bimanual grasps people use on
a single object (a bowl), and why some grasps are preferred to others,
useful for creating realistic behavior in artificial graspers. The main
insight from this investigation is that there are many ways to grab

a simple bowl, some of which become more appealing depending on
the size, weight, and presence of an obstacle in the center of the bowl
(Chapter 7).

A process that goes from observed manipulations to a physical hand
capable of executing those manipulation actions. As a proof of con-
cept, we create a soft foam hand capable of executing simple precision-
to-power regrasping actions (Chapter 8).
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Review of literature

In this chapter, we review four areas of grasping research that we build
on in this thesis: grasp and manipulation taxonomies (Section 2.1), experi-
mental investigations of grasping (Section 2.2), and design and control of
artificial hands (Section 2.3). The first two sections touch on ways people
observe and learn from human manipulation. The third section briefly re-
views the field involving the creation of robotic manipulators and the con-
trol of artificial hands.

2.1 Grasp and manipulation taxonomies

A large amount of work has gone into cataloguing and categorizing the
grasp poses people use — this categorization work has led to the develop-
ment of various taxonomies that seek to map the space of grasping and
manipulation. We first start with earlier literature that seeks to categorize
and understand the space of human grasp poses, and then move on to work
that broadens the scope of classification to manipulation, movement, and
non-human hands.
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