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RBO Hand 3: A Platform for Soft
Dexterous Manipulation

Steffen Puhlmann , Member, IEEE, Jason Harris , and Oliver Brock , Fellow, IEEE

Abstract�In this article, we present the RBO Hand 3, a highly
capable and versatile anthropomorphic soft hand based on pneu-
matic actuation. The RBO Hand 3 is designed to enable dexter-
ous manipulation, to facilitate transfer of insights about human
dexterity, and to serve as a robust research platform for extensive
real-world experiments. It achieves these design goals by combining
many degrees of actuation with intrinsic compliance, replicating
relevant functioning of the human hand, and by combining robust
components in a modular design. The RBO Hand 3 possesses 16
independent degrees of actuation, implemented in a dexterous
opposable thumb, two-chambered �ngers, an actuated palm, and
the ability to spread the �ngers. In this article, we derive the
design objectives that are based on experimentation with the hand�s
predecessors, observations about human grasping, and insights
about principles of dexterity. We explain in detail how the design
features of the RBO Hand 3 achieve these goals and evaluate the
hand by demonstrating its ability to achieve the highest possible
score in the Kapandji test for thumb opposition, to realize all 33
grasp types of the comprehensive GRASP taxonomy, to replicate
common human grasping strategies, and to perform dexterous
in-hand manipulation.

Index Terms�Dexterous manipulation, grasping, in-hand
manipulation, robot hands, soft manipulation, soft robotics.

I. INTRODUCTION

W E PRESENT RBO Hand 3, the third generation of
soft robotic hands developed in our lab. Similarly to

the hands from the previous two generations, RBO Hand 3 is
highly compliant, underactuated, pneumatically actuated, and
fabricated predominantly from soft materials such as fabric
or silicone rubber. In contrast to prior generations, however,
the hand�s dexterous abilities and its robustness for real-world
experimentation have been substantially increased.

The �rst-generation hands were designed to take advantage
of mechanical compliance [1]. Compliance allows for safe and
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Fig. 1. Anthropomorphic soft robotic RBO Hand 3 with 16 independent
degrees of actuation and a dexterous, opposable thumb based on pneumatic
actuation. The soft actuators are slightly in�ated to realize a natural looking
posture of a relaxed hand.

robust interactions because it dampens contact dynamics and
results in large contact areas when the hand�s morphology
passively adapts to the shape of the environment. Although the
�rst-generation hands possessed only a single actuated degree of
freedom, they were extremely successful in leveraging compli-
ant interactions for robust grasping. This robustness exempli�es
the substantial bene�ts of outsourcing aspects of perception and
control to the compliant materials of the hand.

The second-generation hands featured seven actuated degrees
of freedom, were anthropomorphic, and also fabricated from
soft materials [2]. Thanks to its increased actuation abilities, the
RBO Hand 2 is able to recon�gure itself in many different ways.
This ability results in a high level of dexterity, demonstrated
by the hand�s ability to replicate nearly the entire GRASP
taxonomy [3]. The ability to recon�gure itself also increases
the variety of possible interactions between hand, object, and
environment, including strategies such as sliding the object to
the edge of the support surface or against a wall, before hand
closure. We refer to this fruitful exploitation of features in the
environment as the exploitation of environmental constraints [4].
This exploitation of environmental constraints leads to improved
robustness by compensating for uncertainty in sensing and con-
trol and facilitates successful grasping. In prior work, we found
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that this principle also forms the conceptual basis of human
grasping [5], [6].

The RBO Hand 3, presented here (see Fig. 1), signi�cantly
extends the capabilities and features of the two previous gen-
erations. It exhibits a high level of versatility and robustness
to support research in dexterous grasping and manipulation,
including in-hand manipulation. The starting point for the design
process of the RBO Hand 3 were three assumptions. First, we
believe Mason�s metaphor of a funnel, formulated in 1985, as
�an operation that eliminates uncertainty mechanically� [7], to
be the central enabling concept for dexterous manipulation. This
metaphor provides a concise explanation for the effectiveness of
exploiting environmental constraints, namely, reducing uncer-
tainty through mechanical interactions. With RBO Hand 3, we
extend this funnel concept to dexterous manipulation in general
by also considering exploitation of constraints that are provided
by the manipulation platform. Second, we continue to rely on
an anthropomorphic design, as the human hand is capable of
producing the manipulation skills we would like to investigate.
Also, much of the world around us is tailored to this design.
Third, we believe it is important to develop the RBO Hand 3
as a research platform, i.e., as a research tool that enables
many hours of experimentation, without intermittent periods of
complex repair. This ability is necessary to perform real-world
experiments and to gather large amounts of real-world data
required for learning-based approaches to manipulation.

In the following, we �rst motivate our design objectives in
detail. We then present how these objectives were translated
into a speci�c mechanical design. Subsequently, we evaluate
the hand in its entirety, but also characterize selected aspects
of the hand�s design that represent reusable modules, suitable
also for other applications. Our evaluation demonstrates that
the RBO Hand 3 is a highly dexterous, capable, and robust
hand. Future research using this platform will have to show
conclusively whether our objective of producing a research
platform has been met successfully, but, over the last year, the
RBO Hand 3 has served as a very effective and extremely reliable
research platform for in-hand manipulation in our lab [8].

II. DESIGN OBJECTIVES

In this section, we elaborate on the three main design ob-
jectives for the RBO Hand 3 and explain how we intend to
achieve each of these objectives without going into speci�c
implementation.

A. Enabling Dexterous Manipulation

Our experiences with the �rst two generation of soft robotic
hands [1], [2], [9] as well as insights obtained from human
grasping experiments [5], [6] both support our assumption that
exploitation of constraints to compensate for uncertainty in
sensing, modeling, and control plays a pivotal role in achieving
robust manipulation.

Mason�s funnel metaphor [7] is a standard explanation of
these observations: During manipulation, deliberate contact with
physical features produces physical constraints (e.g., table, wall,
etc.) [4]. These physical constraints act as the metaphorical

wall of the funnel. They guide, limit, and in�uence the manip-
ulandum�s state by realizing boundaries in some state dimen-
sions, such as position or orientation, effectively reducing the
uncertainty. We argue that by purposefully constructing suitable
manipulation funnels, the hand is capable of versatile and robust
manipulation.

However, physical constraints cannot only be found in the en-
vironment, but they can also be provided by the hand itself. The
RBO Hand 3 can rearrange its physical features (e.g., �ngers,
palm, etc.), allowing it to produce a large variety of different
funnels. The spatial arrangement of constraints can undergo
changes through actuation as the manipulation progresses. This
rearrangement can serve two purposes: �rst, reducing uncer-
tainty by tightening the boundaries on the manipulandum�s state,
or second, bringing the manipulandum into a desired state, either
in preparation of the next manipulation step or to make progress
toward the manipulation goal.

If dexterous manipulation is critically enabled by a hand�s
ability to produce suitable manipulation funnels, then the design
of the hand must be capable of robustly producing and exploiting
diverse arrangements of physical constraints. We now explain
the requirements for this in more detail.

1) Rearrangement: To generate various manipulation fun-
nels, the hand needs to be able to produce diverse spatial
arrangements of physical constraints. This is promoted by
the hand�s ability to rearrange itself and to transition be-
tween many different postures. Therefore, the RBO Hand 3
must possess a signi�cant number of actuated degrees of
freedom.

2) Manipulation: Changing the manipulandum�s state me-
chanically requires the presence of forces. These forces
can be external, like gravity, or the result of rearranging the
physical constraints. Being able to exert various force pat-
terns for many different hand postures facilitates diverse
actuation of the manipulandum. This ability emphasizes
the need for suf�cient actuated degrees of freedom.

3) Compensating for uncertainty: The robustness of
uncertainty-reducing funnels can be supported by inherent
mechanical compliance. For example, when a soft hand�s
morphology handles complex contact dynamics so that
they do not need to be addressed explicitly. Also, com-
pliance allows the hand�s posture and its morphology to
passively adapt to the shape of the object or the envi-
ronment, leading to larger contact areas, and therefore,
to improved robustness in grasping and manipulation.
However, compliance can also be detrimental [10]. To
leverage the bene�ts of compliance while minimizing
its drawbacks, the RBO Hand 3 must be able to adapt
the direction of compliance. Therefore, the hand must be
inherently compliant, coupled with dexterity to modify
this compliance through actuation.

To achieve our design goal of producing a general platform
for dexterous manipulation based on the idea of funnels, the
RBO Hand 3 must be inherently compliant and possess a suf�-
cient number of actuated degrees of freedom. This is required
to enable the modi�cation of compliance, the rearrangement of
physical constraints, and the actuation of the manipulandum.
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Please note that these three different purposes of actuation will
not be separate but overlap signi�cantly during any real-world
manipulation action.

B. Leveraging Insights From Human Manipulation

Anthropomorphism has shown to play a signi�cant role for so-
cial human�robot interaction [11]. However, we do not rely on a
human-like design for social acceptance, but rather for taking in-
spiration from the result of millions of years of evolutionary opti-
mization. Human manipulation capabilities remain substantially
superior to those of robots. It seems, therefore, advantageous
to facilitate the transfer of insights about human manipulation
strategies to robot manipulation systems. This is facilitated by
morphological and functional resemblance between the human
and our robotic hand. It will, therefore, be an important design
objective to replicate features of the human hand�to the degree
necessary to replicate the observed behaviors. Our starting point
is thus an anthropomorphic design for the RBO Hand 3.

Choosing an anthropomorphic design also offers substan-
tial guidance on how to select the relevant actuated degrees
of freedom to satisfy the design objective from the previous
section. We know that the human hand is capable of creating
highly robust and versatile manipulation funnels. By mimicking
its functionality, we hope to produce a manipulation platform
that provides a substantial set of manipulation abilities. Our
evaluation later in this article con�rms this conclusively.

C. Support Extensive Real-World Experiments

Research in real-world manipulation requires many hours of
continuous, real-world experimentation. The nature of manip-
ulation research, i.e., the need to repeatedly make and break
contact with objects and the environment, imposes substantial
requirements on the robustness of a useful manipulation plat-
form. Considerations of robustness and minimization of down-
time played a central role in the design of the RBO Hand 3. We
changed many features and manufacturing processes in this third
generation to enable hundreds of hours of continuous grasping
and manipulation experiments without failure.

An important decision for the design in this regard was
motivated by the realization that a research lab cannot produce a
complex artifact with the reliability of commercial, industrial
products. Instead, we strived to maximize the robustness of
all components as much as possible, while at the same time
minimizing the complexity of repairs. As we will see, this design
decision turns RBO Hand 3 into a capable and reliable research
platform.

III. RELATED WORK

The space of possible robotic hands is huge, highlighted by
the large variety of the proposed designs [12], [13]. In this
section, we discuss related works in the light of our design goals:
enabling dexterous manipulation by combining many degrees
of actuation with intrinsic compliance, leveraging transfer of
human dexterity by realizing relevant human hand functionality,

and supporting real-world experiments by exhibiting a high level
of robustness.

Robotic grippers with a single or a few degrees of freedom
based on servo motors and rigid links are by far the most
common type of robotic hand, applied in various industrial ap-
plications [14]. These hands are mostly tailored to solve speci�c
tasks with high reliability, accuracy, and robustness. However,
they do not support dexterous grasping and manipulation of
many different objects in uncertain environments.

The advent of underactuated soft grippers [15] based on
intrinsic compliance has shown improvements in grasping dex-
terity and robustness in the presence of uncertainty. These hands
reduce control complexity to very few degrees of actuation while
leveraging exploitation of environmental constraints and passive
shape adaptation, effectively of�oading aspects of sensing and
control to the compliant hardware [16], [17].

Various compliant actuation mechanisms have been pro-
posed [18]. Tendon-based soft grippers rely on highly com-
pliant joints [19], [20] or differential tendon mechanics [21]
to reliably grasp objects of unknown size and position. Fin
ray grippers [22], being derived from physiology of �sh �ns
by incorporating crossbeams in their triangular �ngers, bend
in the direction of contact, leading to signi�cant shape adap-
tation. Grippers based on soft pneumatic actuators [23] have
shown robust grasping behavior [24] also in extreme deep sea
environments [25]. Despite their reliable grasping capabilities,
underactuated soft hands with few actuated degrees of freedom
do not support dexterous manipulation or transfer of human
strategies because of their inability to recon�gure themselves
in many ways and because of their nonhuman design.

Anthropomorphic designs of underactuated soft hands
achieve versatile grasping by suitably combining few indepen-
dent degrees of actuation with passive shape adaptation based
on intrinsic compliance [2], [26]�[28]. Some underactuated hand
designs encode insights about synergistic actuation in the human
hand in their compliant hardware [29], [30]. Although these
hands are based on insights about human grasping behaviors and
to some extend allow replicating human strategies, they lack the
ability to recon�gure themselves to form diverse manipulation
funnels and to exert many different force patterns, which is
required for dexterous in-hand manipulation.

Soft grippers that integrate multiple degrees of actuation
are capable of executing various grasp types [31] and dexter-
ous in-hand manipulation in the presence of uncertainty [32].
Despite their ability to reliably grasp and manipulate various
objects, direct transfer of human strategies is dif�cult due to
high functional discrepancies to the human hand.

Highly dexterous capabilities have been demonstrated in
rigid robotic hands by integrating many degrees of actuation
in an anthropomorphic design [33]�[35]. Recently, the Shadow
Dexterous Hand [36] demonstrated highly dexterous in-hand
manipulation [37] based on learning-based approaches, resulting
in human-like behaviors. Despite these impressive results, rigid
hands lack intrinsic compliance, rely on complex mechanics,
require exact modeling of contact dynamics, and often lack the
required robustness for frequent and contact-intense interactions
with the environment.
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Fig. 2. RBO Hand 3 is inspired by its human counterpart: nomenclature of joints and bones in the human hand (left) and corresponding naming of features in the
RBO Hand 3 (right).

Integrating many actuated degrees of freedom with intrinsic
mechanical compliance in an anthropomorphic design, allows
highly dexterous and robust hands capable of reenacting human
grasping behavior [38]�[40]. In particular, the soft pneumatic
BCL-26 hand [41], with 26 actuated degrees of freedom, has
an actuated palm and an opposable thumb that achieves the
highest possible score in the Kapandji test [42]. This hand
exhibits a high level of versatility by achieving all grasp types in
the GRASP taxonomy [3] and is capable of dexterous in-hand
manipulation and in-hand writing. Although the RBO Hand 3
possesses fewer degrees of actuation, our hand exhibits similar
versatility and dexterity and also achieves the highest possible
scores in these tests. Furthermore, our hand is more versatile,
allowing it to grasp and manipulate a larger variety of objects,
and we argue that the the functioning of RBO Hand 3 resembles
more closely its human counterpart, allowing direct transfer of
human strategies.

IV. REALIZATION OF THE DESIGN OBJECTIVES

We established three main design objectives for the
RBO Hand 3: enabling dexterous manipulation, facilitating the
transfer of insights from human manipulation strategies, and
supporting extensive real-world grasping and manipulation ex-
periments. To achieve these goals, we argued, the RBO Hand 3
needs to have an appropriate number of actuated degrees of
freedom, possess inherent mechanical compliance, replicate
important features of the human hand, and be designed to permit
many hours of uninterrupted real-world experimentation. In the
following sections, we elaborate on the design choices we made
to realize the design objectives.

The nomenclature for features of the human hand and the
RBO Hand 3 is provided in Fig. 2. The manufacturing of the
hand and its components is illustrated in Fig. 7.

A. Compliant Actuation

To combine mechanical compliance with many degrees of
actuation, the RBO Hand 3 relies on pneumatic actuators based
on soft materials, such as fabrics and silicone rubber. These
soft materials, together with compressible air, are intrinsically
compliant. Although the soft actuators by themselves do not

realize all of the design objectives we established previously,
they provide the building blocks for achieving these goals. We
now describe the actuators used in our hand design and explain
their working mechanisms. Further below, we describe how the
RBO Hand 3 integrates these actuators to realize the other design
objectives.

1) PneuFlex Actuator: All �ve digits of the RBO Hand 3 rely
on the soft pneumatic PneuFlex actuator [1], which has been used
already in our hand�s predecessors. Because this actuator is an
essential part of the design of the RBO Hand 3, we will shortly
reiterate its basic functioning: the PneuFlex actuator relies on
an in�atable silicone air chamber whose radial expansion is
constrained by a thread helix. The palmar side embeds a �exible
but inextensible fabric that causes the actuator to bend upon in-
�ation. The in�ation pro�le, strength, and stiffness of a PneuFlex
actuator can be easily adjusted through its geometry [2], and as
we will show later (see Fig. 7), manufacturing of this actuator
is fast, simple, and low cost. This allows for rapid prototyping
and fast exploration of the design space, which we extensively
leveraged during the design process of the RBO Hand 3.

2) Bellow Actuator: Unlike its predecessors, the
RBO Hand 3 relies on a second type of compliant actuator:
the bellow actuator. It realizes large rotation angles with a
negligible bending radius based on �exible thermoplastic
polyurethane (TPU)-coated nylon fabric. Its �at design allows
stacking multiple bellow actuators to achieve movements in
many different directions. This actuator, therefore, promotes the
dexterity of the RBO Hand 3 by allowing complex kinematic
structures with many compliant degrees of actuation in a small
form factor. As we describe later, stacking bellows realizes the
many degrees of actuation in the dexterous thumb.

A bellow consists of either a single or of multiple stacked
in�atable pouches (see Fig. 5). When de�ated, each pouch has a
thickness of only ca. 2 mm. When placed between the two wings
of a hinge joint, a bellow actuator realizes a rotational degree of
actuation. The torque and opening angle of this joint increase
with the level of in�ation (see Section V-B).

Manufacturing of our bellows (see Fig. 7) is inspired by [43]
and based on heat sealing the coated fabrics. However, our design
permits stacking multiple bellows, because the pneumatic tubes
enter the air chamber in the plane of the pouches. Also, bellow
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Fig. 3. Two-compartment �nger. (Top) Fully assembled �nger. (Center) Cross
section, revealing the two air chambers and the tubing inside. (Bottom) Palmar
side of the actuator with ridges and small openings for improved robustness.

actuators that consist of multiple pouches require only a single
tube, because their pouches are connected so that air can �ow
between their chambers.

Since the strength of a bellow actuator is proportional to the
surface area of its air chamber, this type of actuator is not useful
for all degrees of actuation in our hand design, for example, for
the �ngers whose cross section area is constrained.

3) Pneumatic Control: As proposed in [44], we control the
air mass inside the pneumatic actuators of the hand. Air �ow
is regulated based on a linear forward model that takes input
from air pressure sensors (Freescale MPX4250, 250 kPa range,
1.4% accuracy) for switching the valves (Matrix Series 320
- Model 321, max. 300 Hz). Controlling the mass instead of
the pressure allows us to regulate the hand�s preset behavior,
i.e., the behavior in the absence of contact. Therefore, the air
masses, and thus, the compliance of actuators does not change
during contact-based deformation, allowing open-loop actuation
through speci�cation of desired compliance. This ability facil-
itates versatile behaviors that generalize across objects, as we
will demonstrate later (see Section VI).

B. Enabling Dexterous Manipulation

We argued that producing diverse manipulation funnels re-
quires signi�cant actuation. However, the number of pneumatic
actuators�whose strength is proportional to their size at �xed
pressure�is limited by the outline of the hand. This limitation
highlights the importance of choosing actuation that realizes
relevant functionality. The RBO Hand 3 possesses 16 indepen-
dent actuated degrees of freedom based on the soft actuators
described previously. Actuation of the RBO Hand 3 is inspired
by the capabilities of its human counterpart. This allows us
to address two design objectives at the same time: enabling
dexterous manipulation by providing many degrees of actuation,
and transfer of insights from human strategies by replicating
relevant functionality of the human hand. We will now outline
the related design features.

1) Two-Compartment Finger: The four �ngers of the
RBO Hand 3 are based on the PneuFlex actuator with two
actuated degrees of freedom (see Fig. 3). The two compart-
ments mimic the functionality of the human �nger that can
independently actuate its metacarpophalangeal (MCP) joint and
its mechanically coupled proximal and distal interphalangeal

Fig. 4. Workspace (dashed line) and maximum forces (arrows) at sample
positions inside the workspace de�ned by in�ation pressures of the two air
chambers. Either only the base chamber (red), only the tip chamber (green), or
both chambers (blue) are in�ated to maximum pressure of 250 kPa. In case only
a single chamber is maximally in�ated, the other chamber remains at prede�ned
pressure. Background shows three example �nger postures (transparent) for
0,0 kPa (not in�ated), 150, 100 kPa (partially in�ated), and 250, 250 kPa
(maximally in�ated).

(PIP and DIP, respectively) joints. This ability is crucial for
performing the frequently observed precision grasp for which
the �ngertips move towards a common point while MCP joints
are �exed and PIP and DIP joints extended. To adequately
replicate this behavior in coordination with the kinematics of
the actuated palm (which we describe later), we designed the
little �nger to be signi�cantly shorter than the other �ngers, as
is the case for its human counterpart.

Two independently actuated degrees of freedom allow the
�ngertip to reach a signi�cant area on the �nger�s palmar side.
This reachable workspace is illustrated in Fig. 4. The �gure also
indicates the magnitude and direction of forces exertable at the
�ngertip for selected positions inside the workspace. Please note
that the shape of the attainable workspace closely resembles that
of the human �nger, showing two arcs due to the independence
of MCP and IP joints [45].

The �nger is strongest when it is fully extended with a maxi-
mum force of ca. 8.3 N and weakest when fully �exed with 0 N.
This is not surprising since the exerted force at a speci�c in�ation
level grows with the distance between the �ngertip�s actual
position due to contact-based deformation and its corresponding
position in the absence of contact. In Section V-A, we describe
in detail how we obtained this data.

The signi�cant size of the �ngertip�s workspace, together
with the ability to exert signi�cant forces over large regions of
the workspace, illustrate that the new two-compartment �nger
contributes substantially to our design goal of producing diverse
manipulation funnels and to vary the compliance of the �ngers
locally by leveraging contact interactions across multiple parts
of the hand, mediated by the manipulandum.
























