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Abstract In-hand manipulation is challenging for soft
robotic hands, especially in the real world where robots
encounter a variety of object sizes and shapes. As such, the
role of the palm is crucial, providing stabilizing contact to
objects during grasping and manipulation, and controlling
the position of objects with respect to the ngertips. We
demonstrate an actuated palm capable of enhancing the in-
hand manipulation capabilities of a soft hand by better-utilizing
limited nger dexterity. With a combination of physical and
virtual experiments, we explore the effects of palm diameter
and height on in-hand manipulation performance over a variety
of object shapes and sizes, and three key manipulation primitive
motions. The results of these experiments show that maintaining
manipulation capabilities over a large range of object sizes
requires the palm’s diameter to decrease as a function of its
height to prevent interference between the ngers and palm.
Based on these insights, we design an actuated palm mechanism
that achieves the desired relationship between palm height and  Fig. 1. Our 1-DOF actuated palm can adjust its surface position and
diameter using one actuated degree of freedom. Finally, we  diameter to enable in-hand manipulation of a variety of object sizes while
show that this adjustable palm enables the hand to manipulate ~ Preventing interference between the palm and ngers.

a larger range of object sizes and aspect ratios, and its utility is N )
demonstrated in a mid-air shelving in-hand manipulation task.  Hand [3] or BCL-26 Hand [4] utilize upwards of 20 indepen-
dent degrees of freedom (DOFs) to achieve high dexterity
|. INTRODUCTION at the cost of highly complex mechanical systems which
can be fragile and dif cult to control. Both of these hands

In the ever-more-automated world, we see a growing neette based on anthropomorphic architectures, with ngers
for robots to perform dexterous manipulation while remainthat have human-like kinematics. On the ip side, simpler
ing adaptable and human-safe. Many common activities @bmpliant hands such as the iHY hand [5], the RBO Hand 2
daily living (ADL) require gentle but dexterous motions,[6], and the CLASH hand [7] with six controlled DOFs have
such as removing delicate pastries from their packaging, deen shown to perform very robust grasping in a variety of
setting a dinner table [1], while others require simpler, buteal-world tasks, but lack the dexterity to maneuver objects
stronger coarse manipulation such as stocking a refrigeratwithin the hand. In a middle-ground approach, we achieved
with delicate produce items. Furthermore, assembly artdgh-dexterity with moderate complexity in our previous
pick-and-place tasks may require dexterous end-effectonork with an 8-DOF soft hand with four 2-DOF ngers [8].
when the environment is unstructured. Given the bene t®ur design can perform robust grasping and several in-hand
of compliant hands when dealing with uncertainty in themanipulation primitives (planar rotations and translations of
environment [2], soft robotic hands are a promising approaabbjects), resulting in enough dexterity to perform complex
for both grasping and in-hand manipulation. tasks such as manipulating objects in mid-air.

Dexterity can be implemented in a soft hand using a . . .
y b g In addition to nger designs, the palm can contribute to

number of design techniques, typically focusing on thjand dexterity through controlled shape or position relative to

dexterity or arrangement of individual ngers. On one end o h The i ; f th Im i all ident
the spectrum, compliant hands such as the Shadow Dexter u% ngers. 1he Importance of the paim 1S especially eviden
uman hands during grasping and in-hand manipulation.

In
This material is based upon work supported by the Wyss Institute foFor the dolmln.ant human hand, the.palm prowdes a hl,gher
Biologically Inspired Engineering and the National Science Foundatio rcelcont“buuon than Oth_e.r anatomic areas to the hand.s to-
(award numbers DBI-1556164 and EFMA-1830901), and National Sciendal grip strength [9]. In addition, palm surfaces are sometimes

Foundation Graduate Research Fellowship (under grant DGE1745303). Afse in robotic grasping to provide stability to objects during
opinions, ndings, and conclusions or recommendations expressed in this

material are those of the authors and do not necessarily re ect the views BOWer grasps [5], [6], [10] or act as convenient surfaces to
the National Science Foundation. support objects during in-hand manipulation [8], but are often
1Authors are with the John A. Paulson School of Engineering and Appliegmitted entirely in favor of nger compliance [11] [12] [13]
Sciences, Harvard University, 150 Western Ave., Boston MA 02134, US . . ! ’ ’
All correspondences should be addressed to Clark Teeple or Robert Wo! 1 Howev_er’ this means these I’ObOtIQ hands m_USt rely on
(cbteeple@g.harvard.edu, riwood@seas.harvard.edu) nger dexterity alone to grasp and manipulate objects.
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Utilizing an active palm as a movable/deformable contac
surface has been demonstrated in a soft hand, but can hi
limited utility when ngers are extremely dexterous. For
example, the BCL-26 Hand has 26 controlled DOF's, with !
DOF's in the the palm [4]. However, some evidence sugges
that humans only utilize ve to six DOF's during grasping
[15], and seven to nine DOF's during in-hand manipulatior®
tasks [16]. Understanding how to control all 26 DOF's prove:
challenging, and may not be necessary from a strict tas
based perspective.

In this work, we demonstrate a soft robotic hand with a1
actuated palm capable of increasing in-hand manipulatic®
capabilities by more effectively utilizing limited nger dex-
terity. We rst discuss our soft robotic hand platform and
important palm design parameters, choosing to focus on tl
height and diameter of the palm. Next, we used a combin;
tion of physical and virtual experiments to explore the effect
of the palm design on in-hand manipulation performanced)
The results of the design exploration suggest that no singie
palm design can enable successful in-hand manipulation fgg. 2. To evaluate the effect of various design parameters on in-
all objects. Based on these results, we propose an actuatedd manipulation performance, a) we used a simple analysis of the
palm design with one degree of freedom which can Chang‘:‘rég'\e/lr‘s workspace, and b) performed large parameter sweeps using the
. . . o framework [17], and validated those sweeps using several isolated
its height and diameter to accommodate a larger range @lperiments on real” hardware. b) We tested several simple objects of
object sizes. Finally, we demonstrate the palm's utility duringarying shapes, sizes and aspect ratios, and included three basic in-hand
manipulation primitives and a complex in-hand manipmaﬁoﬁ'\a_nipylation_ primitives. Top views of manipulation primitives performed
task inspired by stocking display shelves. ) in simulation and d) on the real hardware are shown.
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objects using a symmetric array of four ngers, each with
two degrees of freedom. In our previous work, this hand
had a simple passive palm, which produced an inability to
Achieving precise, repeatable, and suf ciently fast i”'ha”%upport small objects at the correct height to be grasped by
manipulation with a soft robotic hand is challenging due tqnhe ngertips.
nger compliance. A few observations can help in designing our goal is to achieve these two basic design constraints
a system that meets these requirements. Treating in-hajdoyr soft hand platform for a variety of object widths and
manipulation as a similar problem to multi-imb manipula-hejghts, thereby enhancing the hand's manipulation capabil-
tion, we can observe that the object has its largest range jgaks. To achieve this, we could either 1) add one additional
motion if it is in contact with the end of the manipulatorpog per nger (4 DOF's total in our hand platform) to
as opposed to the middle. This same rule applies for safhaple the ngertips to move in and out with respect to the
ngers with limited controlled degrees of freedom: a Iargerpa|m, or 2) add 1DOF in a dexterous palm that can move
dexterous workspace is achieved if objects are manipulat@d syrface in and out with respect to the ngers. In this

by the ngertips. study, we chose to investigate the role of the palm for in-
Another key insight is found when observing the rolenand manipulation.

of the palm as a mechanical stabilizer for the object. This
stabilizing effect creates a “local mechanical ground”, giving !/l D ESIGN EXPLORATION USING PASSIVE PALMS
the hand a foundation to bear the weight of heavy objects. To understand the effects of the palm's physical dimen-
Additionally, the palm constrains the object's pose, which resions on the overall in-hand manipulation performance of the
moves uncertainty during in-hand manipulation by reducingand, we utilized a new simulation platform for soft robots
the possible number of DOFs in the object's position. (SoMo, [17]) to perform a large-scale series of experiments
Taken together, these two insights imply that objects aren a simulated hand, then validated the observed trends on
best-manipulated when in contact with the ngertips, angbhysical hardware. Examples of these experiments are shown
when a palm or external surface provides a stable platforrim Figure 2. Overall, the simulations captured the trends
Thus, we want our palm to be in contact with the objecin manipulation performance of the hardware platform, and
whenever possible. Furthermore, the effect of gravity on gesults matched for key phenomena. These experiments val-
grasped object's rotational stability is minimized when thedate our intuition about the coupling of palm diameter and
ngertips make contact close to the object's center of masseight to avoid interfering with nger motion.
Finally, the soft robotic hand platform used in this study To evaluate the grasping and manipulation capabilities
was demonstrated previously in Abondance et. al [8]. bf the simulated and actual hardware as a function of
can achieve planar in-hand manipulation of a variety dathe palm design, we de ned four metrics related to task

I[l. ACHIEVING HIGH-QUALITY IN-HAND
MANIPULATION
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performance. The rst two metrics are binary checks duringommanded to perform three planar in-hand manipulation
each manipulation task. "Contact success” is true when thgimitives using heuristically-designed actuation torque tra-
ngertips make contact with the object before manipulatingjectories. While co-design of hand morphology and control
and "manipulation success” is true if the hand can perforrwould produce a fairer assessment of the design space, this is
the manipulation primitive for an extended time withoutintractable without a detailed dynamic model, and is thus out-
dropping the object. These two metrics directly inform palnside the scope of this paper. Additionally, this design study
design: "contact success” acts as a lIter to ensure a wideas performed for the case where the palm is most-utilized
range of objects can be grasped, and "manipulation succegiand is placed with the palm facing vertically), but results
re nes the design space to ensure in-hand manipulation &ply beyond this simple case. The object set consisted of
possible. Next, for all successful manipulation tasks ansimple geometries with sizes that span typical household
objects used, we de ned two more metrics related to thebjects: three spheres (20, 60, and 100 mm diameters), nine
object's dimensions: the minimum object height and widtltylinders of varying aspect ratios (3x3 grid of height and
successfully manipulated. These four performance metrickameter with 20, 60, and 100 mm), and nine boxes (3x3
enable use to quantitatively evaluate palm design in a tas@rid of height and width with 20, 60, and 100 mm). All

relevant way. objects had a xed mass of 509, which is similar to many
) common household objects, such as those found in the YCB
A. Palm Design object set [19]. The three in-hand manipulation primitives

When designing a palm for our soft hand platform, severalere the same as in [8]: translation and rotation in a plane
physical properties of the palm's surface were consideregerpendicular to the palm's surface. For all experiments, we
but ultimately only the height and diameter were exploredecorded the 3D pose of the target object, contact points
in-depth due to their speci c utility for in-hand manipulation. between the hand and object, and the nger actuation signals.
The height of the palm's surface is critical to manipulatioriThe results of these experiments are shown in Figure
performance, as it determines where the ngers make contactin addition to the higher density parameter sweeps in
with the object. The diameter of the palm is also importansimulation, we validated these results with sparser experi-
for maintaining the range of object sizes that can be manents on physical hardware. We built an array of circular
nipulated, as it should not interfere with the ngers. Twopalms with two diameters (7Omm and 85mm) and two
additional design parameters were considered (the palnfigights (60 mm and 80 mm). All palms were 3D printed on
friction and concavity), but initial testing indicated that theFDM Printers using PLA (using a CR-10s printer, Creality).
height and diameter were most-promising as long as thkhe palms are interchangeable on the soft hand platform.

palm's surface has suf ciently low friction. The object set used consisted of three boxes (2%, 3hd
. 615 mm in thickness), two cylinders (Cups 1 and 10 from
B. Experimental Setup the YCB object set [19], with diameters of 47 mm and 87 mm

To ensure no interference between the ngers and palmegspectively), and one wooden sphere568m in diameter.
we can examine a simple pro le of the nger's inner surfaceUsing a top-down camera and April Tags [20] to track the
during a grasp of an arbitrarily thin object, as shown irobject's pose, we commanded motion primitives using the
Figure 2a. This pro le shape produces an estimate of theame heuristic actuation torque trajectories, but converted
maximum palm diameter for a given height. Palm design® actuation pressures for the physical hardware. Actuation
within this boundary will not interfere with with ngers pressure signals were generated with a custom real-time
during grasping. However, this analysis does not hold duringressure controller (same as in [8]). The results of these
in-hand manipulation tasks due to 3D kinematics of thexperiments are shown in Figuge
ngers, so a more comprehensive set of experiments is ) )
necessary to fully explore the design space. C. Results of Design Exploration

To understand the design space in the context of in- The results of our extensive simulated experiments suggest
hand manipulation, we utilized a new simulation frameworkhat a single palm height and diameter is not capable of
(SoMo, [17], [18]) to rapidly explore the effects of thesemanipulating all object sizes, which is supported by the
design parameters. In this framework, soft ngers are modexperiments in real hardware. These ndings suggests that a
eled as hyper-redundant rigid-body serial manipulators withalm that decreases in diameter as a function of height can
compliant joints. For these simulations, we used the masachieve manipulation performance for all object sizes.
stiffness, and blocked force measurements of the soft ngers The trends in bulk performance as a function of the palm
from [8] to calibrate the simulated ngers. The calibrationdesign and object width appear to match between simulation
from bending beams to discretized links with spring jointand real hardware. In Figui& the contact success rates and
is described in [17], and results in actuator-level accuracy imanipulation success rates are shown for both systems as a
blocked force of ®8N, and task-level accuracy of 9% for function of object width. Several key real-world phenomena
a complex nger gait [17]. are preserved in simulation, shown in the callout pictures.

With a sufciently accurate simulation framework, we For the large, tall palm (85mm diameter, 80 mm height),
explored our palm design space through a series of simwe see that small objects cannot be grasped by the ngers,
lated experiments. Over a variety of objects, the hand wasading to zero success rate. Conversely, larger objects can
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Fig. 4. The palm height and diameter exhibit tradeoffs in grasping and
manipulation performance over a variety of objects and manipulation tasks.
a) The ratio of trials where the ngers successfully contact the object before
manipulating shows a clear maximum near smaller-diameter, taller palms.
b) The manipulation success rate reaches a maximum near taller palms of
. . . . ) . oderate diameter. c) The minimum object heights that were successfully
Fig. 3. The main trends in manipulation performance from the simulate anipulated is dependent only on the palm height and d) the shape of the
sweeps agree with the performance of real hardware. For the tall, larg® nqary where the hand successfully manipulates thin objects is similar to
paim (85mm diameter, 80mm height), small objects cannot be graspggh shape of our soft ngers (geometric boundary). Our proposed actuated

by the ngers leading to zero success rate, whereas larger objects can by, \ith discrete sections changes diameter as a function of height.
grasped and manipulated with high success. Conversely, for the short, smal

palm (70mm diameter, 60 mm height, all object widths can be graspeoll,nI . . . . . .
but the ngertips touch far from the center of ma&ach point from real th€ manipulation task is completed without the object falling

hardware represents the average over the three primitive motions. Eaajut of the hand, as shown in Figud®. Finally, for all trials
point in simulation represents the average of 21 runs, (three tasks and seViiLt successfully completed 10 task repetitions, the shortest
objects), and are shown as lines for graphical clarity. . . ' .

object manipulated at each set of palm parameters is shown

be grasped and manipulated with high success. On the othrFigure 4c, and the smallest object widths are shown in
end of the design spectrum, the short, small palm (70 mfigure4d.

diameter, 60 mm height) could grasp and manipulate all ) ) )

object widths can be grasped with relatively high success The results |IIustra'Fe a clear region (_)f design space that
(above 50%), but the ngertips touch far from the center oproduces succe;sful |_n—hand manipulation. There appears to
mass of these objects. Simulations were only performed 8¢ & local maximum in contact success rate near palms of
three object widths (20, 60, and 100 mm) due to the higﬁmaller diameter, but larger height (near 40 mm diameter,

dimensionality of the sweeps, but the results still agree wefl0 MM height), as indicated in Figufie. In addition, Figure
with the hardware. 4b clearly shows that manipulation success is relatively high

near similar palm heights, but toward the middle of the palm

From here, the in-hand manipulation performance of thdiameter range. However, these rst two metrics only tell
large-scale simulations over all objects and tasks as a fungart of the story. Taking object size into account, we can
tion of the palm design are displayed in Figute Using clearly see that palms with lower heights lose their ability to
our performance metrics de ned earlier, the results for eacmanipulate short objects, as shown in Figdoe On the ip
palm design (height and diameter) are averaged over ailde, thin objects can only be manipulated by smaller, shorter
21 objects and three manipulation tasks. First, Figlige palms as shown in Figuréd. Furthermore, the shape of the
shows the "contact success rate” which describes the ratimundary between successful manipulation of thin objects
of trials where the ngers successfully contact the objecand failure is similar to the shape of our soft ngers when
at the beginning of the manipulation task. Next, we de nedhctuated. This makes sense when considering that the source
the "manipulation success rate” as the fraction of runs whei failures for large-diameter, taller palms is interference
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Rz Finger Gait
Actuated Palm Palm Extended Performed Midair

Object Slips Without
Unactuated Palm Palm Retracted Actuated Palm —————Box Above Ground

I

Failure

Fig. 6. Having the ability to actuate the palm provides our soft dexterous hand increased stability when grasping smaller objects, which is useful for
real-world tasks such as stocking shelves. This is especially evident for in-hand manipulation tasks performed in midair. In this example, the hand rotates
the box using a nger gait developed in [8], with the goal of placing a particular face (in red) upright. If the actuated palm extends to support the object
(top row), the task is completed successfully. However, if the palm is not extended (bottom row), the object slips sideways, and ultimately the task fails.

smaller objects such as a grape or small muf n. Furthermorejrtual experiments to explore the effects of the palm's
we can clearly see the bene t of the actuated palm's abilitglesign space on in-hand manipulation performance. The
to adjust the height of the object on-the- y to support smalfesults of these experiments indicate that the palm's diameter
objects (such as a lime in FiguBd-e) at the correct height must decrease as a function of its height to ensure nger
to be manipulated by the ngertips. motion is not impeded. Using these results, we designed an

To demonstrate the bene ts provided by our actuated paliactuated palm mechanism that controls the palm height and
in a more-realistic task, we set up a manipulation task derivetiameter relationship using one actuated degree of freedom.
from the application of stocking shelves. A common task iWe demonstrate that the actuated palm enables successful
shelf stocking involves placing items in a speci ¢ orientationrmanipulation of larger range of object widths and heights.
that displays graphics towards the customer. Using a UR%@nally, the actuated palm enables the hand to perform a
(Universal Robots) 6-DOF robot arm we performed a similacomplex in-hand manipulation task in mid-air.
task manipulating the object within the hand in midair with In future work, we expect that studying the role of the
the support of our actuated palm, as shown in Fidgure palm in soft manipulation could yield a plethora of opportu-

The goal of the manipulation task is to pick up a shorhities to improve the design and performance of soft hands.
square pneumatic ttings box (Parker), and rotate it such th&xpanding the palm's design space to include more physical
the red side faces upwards when placed on the table. Thisoperties such as surface concavity, friction, and compliance
box does not touch the retracted palm when picked up froepuld lead to insights about suitable fully soft palm designs.
the table. Next, two gait cycles of a nger gait for continuous-urther investigating palm design for hands with different
rotation are executed by the hand. The gait compensates foger arrangements, such as anthropomorphic, could also
the weight of the object and ngers (see [8]), but no otheyield an understanding of the palm's role more-generally in
tuning is required. If the palm remains retracted, the ngegrasping and manipulation. Finally, an actuated palm such
gait fails, resulting in undesired motion of the box. Thusas the one proposed in this study could enable soft robotic
when the robot attempts to place the box on the table, it dropsinds to perform complex in-hand manipulation tasks in the
the box instead. Alternatively, if the palm extends (increasegal-world, such as activities of daily living in the home,
in height) before the rotation begins, the box's motion duringising hand tools, or stocking display shelves.
manipulation is constrained by contact with the palm. This
results in predictable object motion, which ultimately enables
the robot to successfully place the box on the table with the The authors thank Randy St. Louis, Daniel Bruder, and
correct side up. Thomas McCarthy for valuable discussions during simulation
development, as well as Kaitlyn Becker, and Michael Bell
for useful feedback during prototyping.

In summary, we demonstrated an active palm that can
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