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ROBOTIC MANIPULATION

Complex manipulation with a simple robotic hand
through contact breaking and caging

Walter G. Bircher*, Andrew S. Morgan, Aaron M. Dollar

Humans use all surfaces of the hand for contact-rich manipulation. Robot hands, in contrast, typically use only the
fingertips, which can limit dexterity. In this work, we leveraged a potential energy-based whole-hand manipulation
model, which does not depend on contact wrench modeling like traditional approaches, to design a robotic ma-
nipulator. Inspired by robotic caging grasps and the high levels of dexterity observed in human manipulation, a
metric was developed and used in conjunction with the manipulation model to design a two-fingered dexterous
hand, the Model W. This was accomplished by simulating all planar finger topologies composed of open kinematic
chains of up to three serial revolute and prismatic joints, forming symmetric two-fingered hands, and evaluating
their performance according to the metric. We present the best design, an unconventional robot hand capable of
performing continuous object reorientation, as well as repeatedly alternating between power and pinch grasps—
two contact-rich skills that have often eluded robotic hands—and we experimentally characterize the hand'’s
manipulation capability. This hand realizes manipulation motions reminiscent of thumb-index finger manipulative
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movement in humans, and its topology provides the foundation for a general-purpose dexterous robot hand.

INTRODUCTION

The dexterity of a robotic hand can be greatly increased when all of
its surfaces are used for manipulation, rather than just the fingertips
(1). Despite this, most manipulation research is rooted in the as-
sumption of fixed contact points between the tips of the fingers and
the object, a precedent established many decades ago (2, 3). This is
in part due to the complexity involved in modeling and controlling
nonfixed contacts, which would be necessary to prevent object ejec-
tion during force closure-based rolling or sliding fingertip manipu-
lation. Accurately predicting the motion of sliding contacts depends
on knowledge of both force magnitude and direction at the point of
contact, in addition to the coefficient of friction between the object
and the fingers (4-6), which changes over time (7). Predicting the
motion of rolling contacts similarly depends on these properties, as
well as knowledge of local surface geometries (8-10). Many of these
parameters are challenging to measure a priori and even more diffi-
cult to measure in real time with previously unseen objects in a
changing environment, although some promising sensor advances
have been made (11).

In this work, we demonstrate highly dexterous manipulation
that uses all of the hand’s internal surfaces, by a hand that was spe-
cifically designed for this purpose. This hand enables manipulation
where contacts can seamlessly shift between rolling, fixed, and slid-
ing modes, while object ejection is prevented through caging, and
its control does not depend on knowledge of contact forces, friction
coefficients, or local geometries. The work was motivated by ob-
serving human hand manipulation, which is highly dexterous and
uses all surfaces of the fingers and palm, without enforcing fixed
contact. Several works in the literature have acknowledged that
similar manipulation in robotic hands is rare but leads to increased
dexterity when used (12-14). With the presented work, we make
progress toward that kind of dexterity in two main ways. First, we
treat the hand-object system holistically and use the observation
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that the system can be viewed in terms of total summed actuation
effort and overall system energy, with corresponding variations in
energy based on object location and configuration. Instead of the
traditional method of calculating and controlling individual joints
and actuators to result in a desired overall system configuration, we
drive grasped objects to desired configurations by varying the
potential energy in the system, forcing objects to follow energy gra-
dients to a desired state. This is accomplished without having to pre-
cisely model contacts or wrenches within the system and is robust
to the uncertainties that typically make producing controlled slid-
ing or rolling extremely difficult. Second, we perform these manip-
ulative actions while ensuring that the fingers “cage” the object
(15-17). This physically prevents the object from being ejected
during manipulative movements that are generally risky to per-
form, such as stick/slip transitions.

Over the decades, potentially hundreds of robotic hands have been
designed and optimized for every conceivable reason. Hands have
been designed for ease of grasping a variety of objects, with many of
them based on underactuated mechanisms that compliantly adapt
to irregular object geometries (18-21). Many robotic manipulators
have been designed to perform specific dexterous within-hand ma-
nipulation tasks, such as object reorientation (22, 23), object trans-
lation (24), or both (25, 26). Some researchers have successfully
automated the design process based on task requirements, like
workspace size or high-level manipulation objectives (27, 28), or in
other cases for specific manipulation tasks, showing that great ma-
nipulation robustness can be achieved by optimizing the controls of
the hand in an automated fashion (29). In an attempt to design more
dexterous hands, researchers have investigated the trade-off between
simple but robust manipulators and more complex human-like ma-
nipulators using modular grasping strategies (30). However, grip-
pers do not need to be mechanically complex to achieve impressive
manipulation. A number of simple underactuated hands have been
optimized for within-hand manipulation (31-33).

At the core of every one of these designs is a forward motion
model (FMM), a mathematical relationship between actuator in-
puts and object motions. The FMM enables a prediction of object
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motion, given a controllable feature of the system, such as actuator
torque or position. Using this prediction, it is then possible to change
design parameters within the system and observe changes in the ob-
ject motion, until a desired behavior is reached. In some cases, the
FMM is purely kinematic (34, 35); in others, detailed modeling of
contact modes (e.g., rolling, sliding, fixed, and breaking) is included
(36); and some even model inertial forces and dynamics (37).

In this work, we used a potential energy-based FMM that we
previously introduced for use with caging-based manipulation with
underactuated hands (38-40). This FMM, known herein as the en-
ergy model, does not require direct consideration of force closure or
grasp stability and is formulated in this work as a constraint-based
minimization. It was inspired by simple linkage-based kinematic
gripper models and the energy-based analysis of grasping ability
found in (41, 42). A basic model of caging (43) was enforced to pre-
vent object ejection and was combined with the object motions pre-
dicted by the FMM to form a manipulation metric. This metric was
then used to assess the performance of different symmetric hand
designs based on every planar open kinematic serial chain finger,
made of up to three revolute and prismatic actuators. Last, the de-
sign space search yielded a highly dexterous robotic hand that can
manipulate objects of many different sizes without ejection; it was
constructed, and its dexterity was demonstrated. This hand, called
the Model W and shown in Fig. 1, has a prismatic palm and two
serial revolute joints per finger; although kinematically very differ-
ent from a human hand, its motion unintentionally resembles that

Fig. 1. The Model W dexterous hand was designed to use all inner surfaces of
its fingers and palm for manipulation.
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of thumb-index finger manipulative movements in humans, hint-
ing at a potential design strategy for future robotic manipulators.

RESULTS

Design space search

A total of 6250 unique hand designs based on the 14 kinematic to-
pologies detailed in the “Kinematic topology enumeration” section
were simulated by manipulating the 10 distinct objects described in
the “Object size, shape, and pose variation” section, and their caging
manipulation abilities were graded using the metric described (Eq. 10).
The simulation was parallelized in MATLAB and run on 640 cores
of the Yale High Performance Computing resource with a total run-
time under 12 hours. Selected design spaces are visualized for these
topologies in Fig. 2. The results match well with intuition, because
simple hands, such as the R topology, are incapable of fully manip-
ulating objects in all directions; they can either push or pull objects
with respect to the palm depending on their size, but they cannot do
both from any point within the workspace. Hands based on the RRR
topology perform well for small palm widths, because having a
palm smaller than the smallest object you intend to manipulate al-
lows you to push it away from the palm, while the fingers are dex-
terous enough to shift objects in all other directions.

Out of all the unique hands sampled, a few stood out from the
rest—capable of caging many objects while achieving high levels of
dexterity throughout a large workspace. Specifically, a variant of the
PRR topology consisting of fixed prismatic joint angle ¢ = 0 radians
and hand proportions of half palm width p = 0.25, middle link
length [ = 0.43, and distal link length d = 0.32 stood out with the
highest manipulability score across all simulated object geometries.
To see how these parameters are measured, see Fig. 7. As described
in the “Design space variation” section, these values are proportions
of total finger length, which includes half of the palm, and can be
scaled to any desired physical dimension.

The Model W hand

The physical hand was designed from the optimal design topology
and parameters resulting from the brute force search of the de-
sign space. The hand was designed to use inexpensive components
and a simple design, and its design has been released through Yale
OpenHand (an open-source robot hand hardware initiative) in hopes
of making it a useful tool to others in the robotic manipulation com-
munity. From proximal joint to fingertip, its finger length is 108 mm,
and the space between its proximal joints (its palm) can expand from
0 to 72 mm. It is actuated by six Dynamixel XL-320 servos, which
are among the least expensive commercially available smart servos—
an order of magnitude lower in cost than typical Dynamixel servos—
making this hand an affordable open-source option despite having
six smart servos. All parts were either commercial off-the-shelf, three-
dimensional (3D)-printed from acrylonitrile butadiene styrene
(ABS) on a Stratasys uPrint or cut from acrylic using a laser cutter.
Each finger is composed of two serial revolute joints connected to a
carriage that translates on a linear rail. The distal links of the fingers
were made to interdigitate to better approximate the simulated
hands. The final hand design is shown in Fig. 3. One of the most
challenging aspects of physically designing this hand was allowing
the proximal finger joints to come together coaxially (to achieve a
zero palm width configuration), with their axis coplanar with the
palm. This was achieved using a thin floating palm and cantilevered

20f13

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

RP

A
H
RR !
0.8
& 0.6
A\ 04
0.2
0
B p
04[5 X
/
7o 0.2
T
Y 0
0 025 05
p
c P 041 »
I o 02
I4/ \ 0
Yy 0 025 05
p
M
P R

D q%io 00 (rad) 0.39 0.79 1.18
o
0
04 X
©
0
0 05 0 05 0 05 0 05
p p p p
0.39 0.79 1.18
0 05 0 05 0 05
p p p
0.39 0.79 1.18
. 0 05 0 05 0 05
p p P p
G ¢, b, $,=0,0,0(rad) 0,1.2,0.8 o
PPP 0.4 " RRR 5 E
0
"-.0.4,1.6,1.6 K
0.4
¢ e
0
0 05 \ 0 05
p p
0.79,0.0 ¢, $,=0.0,00  0.79,0.0
RPP 04
©
0
0.0,1.18 0.39,1.18 "-_0.79,1.18
X 04 %
©
0
0 05 0 05 0 05
p p p
K ¢, $,=0.0,0.0(rad) 0.79,0.39 _
04 X T 12
c
0 LBE= PR E 0
0.79,1.18 - 1.18,0.79 .
0.4 '8 1.2
0 S > 0l «x
0 05 0 05 0 05
p p p

Fig. 2. Simulation results from the design space search. Each shaded square represents a unique hand design. Each hand topology is represented graphically, with
arrows drawn to indicate revolute and prismatic joints. Design space plots show how manipulability varies with parameters p (palm width), ¢ (fixed prismatic joint angle),
and d (distal link length) for 14 kinematic topologies. (A) The RR topology is shown next to the manipulability scale (H from Eq. 10), which goes from 0 (cannot manipulate
in all directions) to 1 (best manipulability for all objects). (B) The manipulability design space for the RR topology, calculated from the convex hulls of gradient vectors
(left). Red indicates standard manipulability (calculated from w;, see Eq. 9) in the rest of the figure. The x on the plot indicates the design parameters corresponding to the

pictured computer aided design (CAD) model. (C) The caging manipulability design space (calculated from wzq). See the “Energy fields” section for more details. Yellow
indicates caging manipulability in the rest of the figure. (D to L) The manipulability for all other viable topologies. Four of 25 plots are shown for topologies with two prismatic

joints and 4 of 125 for PP. (M) The manipulability for topologies that are not capable of fully manipulating objects.
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proximal joints, as shown in Fig. 3.
Experiments were performed using a
variety of control strategies. First, open-
loop strategies were implemented, where
each joint’s servo was simply commanded
to a desired set point. In some cases, the
servos were immediately commanded to
the set point, and in others, they were in-
crementally stepped to the set point, if a
slower speed was desired. In addition, a
teleoperated controller was implemented
for direct user control of the hand. Last, a
visual servoing controller was implemented
that used the object’s configuration [cap-
tured using an object-affixed ArUco marker
(44) and an overhead camera] to step the
actuators of the hand to minimize the error
between the object’s current configuration
and a goal configuration. These controllers
are shown in detailed algorithm blocks in
the supplementary figures (open-loop
control in fig. S1, teleoperation in fig. S2,
and visual servoing in fig. S3). It should be
noted that none of the controllers had
any processes to enforce caging during
manipulation—rather, the hand was able to do this naturally by design.

Simulation evaluation with test objects
The hand’s manipulation capability was first evaluated using 3D-printed
test objects. To initially assess the hand, four primitive grasps (power,
pinch, left, and right) were manually predetermined for the test objects,
and manipulation was achieved by switching between them in an
open-loop fashion, meaning that the controller executes the grasp
without any feedback about the object’s position. The hand was able
to perform these motions seamlessly at very high speeds, without
ejecting the object, likely due to the inclusion of caging in the metric.
An experiment was performed to assess how well the simulated
energy maps predict the actual motion of physical objects. Specifi-
cally, we determined how close an object came to the low-energy
regions of the workspace, given an actuation input, by recording
360 physical object motion trajectories. This experiment consisted
of all combinations of three test objects (T1, T3, and T4 from Fig. 5)
manually placed at 30 starting positions in front of the hand (green
dots in Fig. 4, B and D) and actuating the hand using the four primitive
preprogrammed grasps (power, pinch, left, and right). The hand
began actuating when the object was placed within two pixels of the
starting location. Then, the motion of the object was recorded using
a camera and an ArUco marker (a subset of all object trajectories
are shown in yellow in Fig. 4, C and E). Last, the theoretical energy
was calculated at the endpoint of each trajectory as a percentage of
the maximum energy of the current energy map (for more on how
to calculate energy maps, see Eq. 6). The endpoint energy percent-
age of each trajectory was recorded and is shown in the histogram
in Fig. 4A. Most of the trajectories resulted in final object positions
in regions with less than 10% of the maximum theoretical energy.

Workspace evaluation with test objects
A simple visual servoing-based controller was implemented that in-
terpolated between the four primitive grasps while simultaneously

Bircher et al., Sci. Robot. 6, eabd2666 (2021) 12 May 2021

d XL-320

Fig. 3. The physical hand model with labels and a human thumb-index finger manipulative motion for com-
parison. (A) CAD renderings of the Model W in different palm configurations. (B) Although kinematically very different,
the spreading motion of the Model W’s palm is similar to the ability of the human hand to spread the index finger and
thumb. (C) The physical Model W, with six Dynamixel XL-320 servos. R stands for revolute joint, P stands for prismatic joint.
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Fig. 4. The Model W experimentally manipulates objects to low-energy re-
gions of the workspace as predicted by simulated energy maps. (A) A histogram
showing the distribution of object trajectory endpoint energy percentages of all
360 trials. The distribution shows that objects move to low-energy (<10%) regions
of the workspace as predicted by simulated energy maps and that energy maps are
actionable. The small peaks near 20 and 30% energy correspond to “pinch grasp”
trials in which the object became stuck in the unsimulated physical geometry of
the distal joints. (B and C) Left: Photograph of the “right” grasp trials with object T3
with grid of starting locations (green markers). Right: Corresponding energy map,
object trajectories (yellow lines), and object ending locations (red markers). (D and
E) The same images for the “power” grasp trials with object T1.
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limiting the torque output of each motor (see fig. S3 for details).
Limiting the torque allowed the motors to be driven to stall without
worry of overheating, enabling manipulation of objects of all sizes
with the same set of predetermined grasp primitives.

Using this controller, objects were manipulated on a support
plane to randomly generated goal waypoints in front of the hand,
and the system was allowed to run continuously until 200 waypoints
were reached per object. The resulting workspaces of four test ob-
jects are shown in Fig. 5. The controllable translational workspaces
are shown for all objects, and an additional plot showing the con-
trollable rotational workspace is provided for a square object. The
workspaces are large compared with the hand, most notably along
the axis normal to the palm. This is partly because the hand is able
to perform a power-to-pinch transition, a challenging task for many
prehensile manipulators.

The visual servoing controller was then modified to control ob-
ject orientation rather than position, and an experiment was per-
formed that attempted to manipulate the square test object T4 to
180 randomly generated goal orientations between 0° and 90°. The
results of this experiment are shown in Fig. 5E, with reached orienta-
tions shown in red and unreached orientations shown in black. The
controller was allowed 100 cycles of the loop (100 motor commands)

to reach each goal orientation, and unreached goals occurred when
the controller could not reach the goal in this time.

Real-world manipulation scenario

The Model W was fitted to a 7 degrees of freedom (DOF) WAM
Arm (Barrett Technology), and a variety of manipulation tasks were
performed using the Yale-CMU-Berkeley (YCB) Object Set (45) to
demonstrate its performance in real-world tasks. First, the hand was
used to grasp different objects, showing the range of object sizes
that can be effectively picked by the hand. The hand can easily grasp
very small items, like dice, as well as very large objects like the
widest dimension of a cracker box (210 mm) or a mini soccer ball
(140-mm diameter). The range of graspable objects is largely due to
the prismatic nature of the palm, allowing the fingertips to come
completely together or to spread apart more than 300 mm.

Next, a series of open-loop manipulation tasks (see fig. S1 for
details) were performed on a tabletop to demonstrate within-hand
manipulation of real-world objects. As a first manipulation task, both
rigid and soft cubes were continuously reoriented on a support sur-
face. The first one, the puzzle cube from the YCB Object Set, was easily
reoriented using a sequence of preprogrammed grasps. The second
object, a hand-made deformable knitted cube (50 mm) containing

— reached
— timeout

Fig. 5. The Model W has a large fully connected workspace and can continuously rotate asymmetric objects. (A) The representative workspaces with the four test
objects shown in (C). (B) The hand’s ability to translate objects in every direction. Each photo shows the hand manipulating the T3 object from the diagonally listed direc-
tion in its row and to the direction in its column. For example, the photo in the first row and second column shows the hand manipulating from a power grasp to a pinch
grasp. (C) The test objects used during benchtop experiments. (D) An example of the hand continuously rotating the square test object. (E) Data from the random goal
orientation servoing experiment showing goal orientations reached (red) and orientations where the controller timed out before reaching the goal (black). Select exam-
ple photographs are shown from the experiment, and the object is outlined in yellow for clarity. The objects are supported by a tabletop in all tasks.

Bircher et al., Sci. Robot. 6, eabd2666 (2021) 12 May 2021
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beans, was also successfully reoriented in a continuous fashion, al-
beit much slower because of less efficient force transmission due to
deformation. The next manipulation scenario performed was to re-
orient, grasp, and squeeze a mustard bottle. The bottle, which was
placed on a surface in front of the arm, was rotated about 90° within
hand to facilitate a proper squeeze, grasped, and lifted above a plate;
last, mustard was squeezed onto a plate. After this task, the plastic
YCB orange was repeatedly shifted from power to pinch grasps and
vice versa. Photographs taken during the completion of these tasks
are shown in Fig. 6.

A series of teleoperated tasks (see fig. S2 for details) were also
performed using a shape sorting cube toy, motivating hand dexterity
over arm dexterity, and demonstrating within-hand manipulation
and controllability, despite the rather high number of individual ac-
tuators in the hand. During these tests, the hand successfully and
repeatedly manipulated a set of blocks into their respective holes.

Last, the hand was tasked with manipulating multiple freeform
objects at once to assess its ability to handle unstructured objects on
a support plane. First, we successfully manipulated both a squash
ball and a golf ball simultaneously, juggling them around a common
center of rotation within the hand. Not only are the balls of different
sizes, but their surface textures are very different from each other—
the golf ball being hard and dimpled, and the squash ball being
rubbery and compliant. Even with these differences, the hand was
easily able to perform this task in both directions (clockwise and
counterclockwise juggling around a common center of rotation). As a

final assessment of the hand’s abilities, we manipulated Chinese Baoding
balls, which are sometimes used to improve human dexterity after
surgery. Using the same controller from the squash/golf ball manip-
ulation, the hand was once again able to juggle these balls, even
though they are much larger in diameter. We then programmed the
robotic arm to continually travel to different waypoints in the plane
while performing this manipulation, applying constant external
disturbances to the balls. Despite the added disturbances to the sys-
tem, the manipulation continued successfully, and the balls were
not lost from the grasp. By creating a cage during manipulation,
objects were much less susceptible to being ejected from the hand,
and their stability in the grasp was no longer dependent on param-
eters related to contact position, forces, or mode. Still photographs
from these experiments are shown in Fig. 6. All of these demos and
more are shown in the accompanying main text video (Movie 1).

DISCUSSION

Assumptions, limitations, and approximations

This work would not have been possible without many simplifying

assumptions and approximations. As such, we feel that it is very

important to discuss them candidly, because their limitations and

implications will undoubtedly help to shape future work in this area.
First, the scope of this work was intentionally limited to planar

symmetric manipulators with up to three actuated elements per

finger. The reason for this was primarily computational. Adding more

Fig. 6. The Model W can manipulate multiple objects at once, can be controlled using teleoperation, and can reorient and perform pinch-to-power transitions
with real-world objects. (A) A golf ball (B1) and a squash ball (B2) are rotated about a common point of rotation. (B) Two Chinese Baoding balls (B1 and B2) are rotated
about a common point of rotation within the hand while it is simultaneously moved to different waypoints within the plane, demonstrating how caging can prevent
object ejection during manipulation with external disturbances. (C) The hand manipulates different wooden blocks into holes of matching shapes using teleoperated
control. (D) A bottle of mustard is reoriented on a table, grasped, and squeezed. (E) A puzzle cube is rotated continuously within the hand. (F) An orange is transitioned
from pinch grasp to power grasp and back again. The objects are supported by a tabletop in all tasks. The background of all photographs is darkened to better highlight

the hand-object system.
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vie 1. Summary video of the Model W. An overview of the dexterous capabil-
ities of the Model W.

actuators to each finger not only increases the number of possible
kinematic topologies but also increases the number of unique com-
binations of actuation inputs to the system exponentially and thus
the number of required energy maps that must be calculated. For
this reason, it is likely impractical to use this technique for systems
having greater than a few actuators in series. Extending this work to
asymmetric hands is not as computationally taxing as increasing the
number of actuators per finger, because it simply requires pairwise
manipulability scoring of all unique finger topologies already pre-
sented. No additional energy maps would need to be calculated; rather,
all unique pairs would simply have their energy maps summed and
could be scored accordingly.

Extending this work to 3D raises another challenge. Specifically,
the constraint in Eq. 6 was formulated for planar problems and
cannot directly be extended to a third dimension. When imagining that
spatial fingers could include actuated segments that move out of
plane with one another, the kinematic constraints will become less
straightforward and will likely slow down the computation speed of
the system energy. Future work into more advanced kinematic
topologies (featuring spherical joints or even out-of-plane prismatic

joints) depends on the reformulation of this constraint. It is likely
that basic collision detection-type constraints will suffice in the
spatial case, but they will require more computation time.

Even in the plane, this constraint has a number of limitations
that should be considered. First, it only works with fully convex fin-
ger geometries, meaning none of the revolute joint or prismatic
joint angles hyperextend and are negative. This was not a problem
for us, because we assumed that all fixed prismatic joint angles and
all actuation inputs were positive, but it does prevent more exotic
actuation schemes and prismatic joint designs. Ideally, a more gen-
eral kinematic constraint could be formulated to avoid this issue,
which may also enable simulation of advanced spatial topologies.

Aside from this constraint, there are other large assumptions
governing the energy maps that are worth the discussion. First of
all, the model does not take friction into account in any way. This is
obviously quite an unrealistic assumption in the real world, but we
still see that the hand successfully drives objects to low-energy re-
gions despite this. We do not know how much friction can be intro-
duced between the hand and the object before the object can no
longer be manipulated to low-energy regions, but we plan to inves-
tigate this in future work. Furthermore, there is no guarantee that
the theoretical wrenches can physically be applied to an object for a
known actuation input. The model also assumes that motors can be
backdriven or displaced, resulting in an increase in potential ener-
gy. Applying this assumption with physical motors means choosing
actuators without heavy gearing or using position control with in-
tentionally low torque limits. Speed of operation may play a role in
how well the model works in practice, because dynamic effects may
dominate the motion with heavier objects. To truly understand the
advantages of this model, we must work to characterize these limita-
tions in a quantitative fashion.

Design space search

The results in Fig. 2 highlight a number of key takeaways that can be

used as general guidelines for the design of future manipulators.

First, hands with proximal revolute joints perform best with small
palm widths, as illustrated by topologies
RR, RRR, RPR, and RRP. This is because

these topologies are unable to perform
power-to-pinch transitions with objects
smaller than their palm width. Converse-
ly, topologies with prismatic palms avoid
this problem, because they are all capa-
ble of a wide range of palm widths. This

explains the stark visual difference be-

tween the best performing topology PRR,
which has a fully shaded design space,
and others beginning with a revolute joint
that only has a shaded vertical bar for
small palm width designs. Next, fully sym-
metric prismatic topologies are poorly

DDDﬁ
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Fig. 7. Simulation design parameters visualized. (A) Two example topologies, PPR and R, are shown here with la-
beled dimensions. The distal-most link length is d, the angle of prismatic joints is ¢, middle links are of length /, and
the palm width is p (one-half of the palm is considered to be part of each finger). (B) A diagram illustrating key vectors
used in the constraint in the optimization program described in Eq. 6 and also showing how joint angles are mea-
sured. (C) The objects were simulated at all positions shown in the 24-by-12 grid (example RR hand is shown for
scale). (D) The 10 simulated objects are shown here at the same scale as the hand and grid in (C). Five distinct sizes of
square objects and circular objects were simulated. The square objects were simulated at six orientations each to

capture the hand’s ability to reorient them.
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performing in part due to their inability
to easily reach each finger across the
palm, limiting the shared workspace of
both fingers, and also because they can
only apply motion in a fixed direction.
Intuitively, it would seem that PPP should
be able to manipulate very well. However,
high-quality manipulation is only possible
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Fig. 8. Manipulability is derived from the convex hull formed by gradient vectors of the system’s potential energy scalar fields. (A) Each contour plot shows the
potential energy and gradients for a square object and a symmetric RR hand, given a distinct set of actuation inputs. The bottom left stack of contour plots (next to the
coordinate frame) illustrates that the energy space is 3D for a planar object (other than a circle), and the wrench vectors shown are also in three dimensions. For the sake
of clarity, the other contour plots show only a single slice of the energy space, corresponding to the illustrated orientation of the square. The dashed lines represent the
commanded finger positions 65, given the actuation set points for each joint (in radians) listed below each contour plot, and the solid lines represent the realized finger
positions based on the displaced joint angles 84, were they to close around the object in its fixed position. The red vectors emanating from the center of the object rep-
resent the gradients of the potential energy fields at the object’s center point. The yellow vectors are the red vector scaled by the strength of the basic cage created
around the object by the fingertips, a value from 0 (no cage) to 1 (fingers interdigitate). (B) The manipulation metrics are calculated by joining the tails of all vectors, cal-
culating the convex hull of their tips, and finding the radius of the largest origin-centered ball contained within their hull. Physically, this radius is proportional to the
minimum wrench the fingers can potentially apply to the object in any direction (in the object’s configuration space x-y-f). (C) The manipulability (without caging) is

represented by the radius w; of the red ball centered at the origin and (D) the caging manipulability by the radius wzq of the yellow ball.

with asymmetric designs of this topology, because you need one
finger to push the object away from the palm, while the other is able
to draw it closer—one finger is not capable of both because friction-
al forces are not considered in this model.

Another takeaway is that modifying the metric to include caging
moderately lowers the scores of many hands. In other words, the
caging design spaces (yellow) shown in Fig. 2 are perhaps less intui-
tive than the corresponding design spaces that do not include caging
(red). Many topologies are actually better at manipulation than
conveyed by the caging manipulation plots but simply cannot manip-
ulate while simultaneously caging the object. This is seen by com-
paring the corresponding red and yellow design space boxes in any
topology that shows both, where the plots corresponding to “no
caging” always have more pronounced shading than “caging.” Intui-
tively, this makes sense, because the caging metric will leave the ma-
nipulation wrenches the same at best or scale them back at worst.
With this in mind, in Fig. 2, the caging manipulation design spaces
can be imagined as slightly lighter versions of the manipulation de-
sign spaces for any topologies where caging design spaces are not
shown (any topologies with more than one prismatic joint). When
considering hand designs based on manipulation ability alone, both
PRR and RPR were the top performers, and the Model W was de-
signed on the basis of the parameters of the best PRR hand.

Experimentation

One limitation of this work is the grasping strength of the hand.
Because the hand was designed with inexpensive hobby motors and
because the finger surfaces were left as unfinished low-friction ABS
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plastic to facilitate easy rolling and sliding, the grasp strength of the
hand was quite low. A second iteration of this hand could benefit
from both stronger motors and from actuated friction pads that can
retract into the fingers on command such as in (46).

Despite the rather low grasping force, this hand was highly capable
of manipulating a wide range of objects. Specifically, the hand was
easily able to perform continuous object rotation, pinch-to-power
transitions, simultaneous manipulation of multiple objects at once,
manipulation in the presence of external disturbances, manipulation
of soft objects, and object position and orientation servoing within
the hand. The hand demonstrated very robust manipulation under
the presence of continually changing and unpredictable contact
conditions (e.g., multiple sliding and rolling contacts between the
object and the hand that were constantly broken and reestablished).

Often, the same open-loop strategies worked for multiple objects
of different sizes, due to the low torque threshold set for the motors.
In a sense, the torque limits produced a compliant finger behavior:
A large enough force applied to the object by one finger could back-
drive the opposing finger, depending on its relative mechanical
advantage. Speaking purely qualitatively about our experience using
the hand, we can say that it almost never lost an object from its grasp,
despite many situations where the object was briefly not caged by
the hand. We thought that this was notable, because we did not ex-
plicitly control the hand to do this, and rather, it suggests that our
design metric worked as intended. The inclusion of caging in the
metric likely increased the range of experiments that we were able to
attempt without controller modifications, because we rarely had to
deal with object ejection, and could therefore be more adventurous
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Table 1. List of notations used in the paper.

U Potential energy

T Torque generated by motor
04 Displaced joint position
Osp Motor set point

n Number of actuators

K Transmission ratio

R Rotation matrix

<

Joint position vector in Cartesian
space

P Set of Cartesian positions of all
joints in a finger

Ty Homogenous transformation
matrix from frame a to b
N Dimension of system, 2 for planar,
and 3 for spatial
S Set of all object boundary points
s Object boundary point in
Cartesian space
U* Minimum energy
q Object pose
Minimum energy-valued scalar
field
Q Number of distinct object poses
¥ Vector field
w Wrench vector
Xy B Planar object pose coordinates
o) Number of distinct actuation
inputs
w Set of vectors at single object
pose for all actuator inputs
Ho Hand caging manipulability score
with object O
R, P Abbreviations for revolute and
prismatic joints
p Palm width
Distal link length
o Prismatic orientation with respect
to previous link
/ Link length

in the manipulation strategies attempted through control, regularly
finding success in physical demos during the first few tries.

MATERIALS AND METHODS

In this section, we describe the formulation of our energy-based
FMM. In short, we compute a hand-object workspace, such that each
point in the workspace has an associated energy value. We term this
workspace an energy map. There is one energy map (in the form of a
3D scalar field where the dimensions represent the object’s planar
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position and orientation) associated with each commanded actua-
tion input to the system. We compute the gradient of each energy map,
resulting in a vector field for each actuation input. Each vector in the
field corresponds to the direction and magnitude of motion that can be
realized by the object at that configuration in the workspace, given the
corresponding actuation input. Thus, for a given object position and
orientation in the workspace of the hand, there will be many distinct
directions of feasible object motion, corresponding to the collection of
all gradient vectors from all possible actuation inputs to the system.

Forward motion model
This theory is based on the idea that with enough mechanical work,
a position-controlled motor can be displaced from its commanded
set point. Equivalent in magnitude to the work put into the motor,
the potential energy gained by a motor during such a displacement is
U = Tm(ed - 9sp) (1)
where 6, is the commanded set point, 1, is the torque generated by
the motor (assumed to be a source of constant torque), and 6y is the
displaced position of its shaft (see Table 1 for descriptions of all
symbols). A displacement can be caused by an external disturbance that
cannot be resisted by the torque generated by the motor. This dis-
placement may occur on the output of a transmission, such that it is
propagated backward to the motor. In the case of a transmission, we
can relate the observed output displacement to the motor shaft dis-
placement by 0,y = K(84 — 0,p), where K is the transmission ratio,
04 — Oyp is the relative displacement of the output, and 6 is the
displacement of the motor shaft. If multiple actuators are displaced,
their respective energies are simply summed to compute the system’s
total energy. The total increase in a system’s potential energy due to
a displacement of multiple actuators with unique transmissions is

n
U= zTiKi(ed, - espg)

i=1

2

where 7 is the number of actuators in the system. As an example,
imagine a simple planar finger modeled as a two-link revolute serial
chain, with a motor at each joint. If each joint of the finger is com-
manded to a known set point and an object is forcibly brought past the
point of contact with both links of the finger, both motors can be
backdriven simultaneously, and both joints will be displaced, due to
the work done on the finger by the forcible placement of the object.

System kinematics

This displacement in motor position can easily be mapped to displace-
ments in Cartesian positions of joints of the finger using forward kine-
matic transformation matrices, constructed from Denavit-Hartenberg
parameters. The Cartesian position of a frame affixed to joint k of a
n link serial chain linkage with respect to a fixed global frame is uy
extracted from the transformation matrix °T} where

Ty = [Rk O“k] = ﬁ"“T,-(esp,,), k<n'u e RY  (3)
0 1 i=1

such that Ry is the rotation matrix associated with the kth joint, Ouy

is the joint position vector for the kth joint with respect to a fixed

global frame, and '_lTi(GSP,-) is the homogeneous transformation

matrix that transforms points from the link i — 1 affixed frame to
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link i. We assume that joint-affixed frames follow the standard
Denavit-Hartenberg convention, with the z axis aligned with the joint
axis, and we also set positive joint displacements such that they re-
sult in a finger becoming more closed. We also assume that revolute
joint angles are measured with respect to the previous link and can-
not hyperextend past the previous link to a negative angle (in other
words, 8; > 0). For each finger, let Py, be the set of Cartesian posi-
tions of all joints with respect to the previous joint ("uy — “u_, from
Eq. 3) at the commanded actuation set point 6, such that

Py (4)

o= FTlugilk = 1,..nL uy € R?

An object in pose g can be represented by a set S of m boundary
points with respect to a joint-affixed frame i such that

Sq = Usqisqiili = l.nj = 1,...,m}'s; € R? (5)
where s; € RR? for planar objects.

We imagine an object fixed in space displacing the link of a finger
by a known amount in Cartesian space, but we actually wish to know
the displacement of the motor driving that link of the finger (the dis-
placed joint angle 64) to compute the gained potential energy. This
implies the use of inverse kinematics—to find a joint angle that pro-
duces a desired link position, such that contact occurs with the object
somewhere along the finger. However, because we are not limiting this
work to fingertip manipulation, we do not know precisely where con-
tact occurs between the link and the object, and instead of directly cal-
culating candidate displaced joint angles using inverse kinematics, we
frame the problem of determining displaced joint angles as a mathe-
matical program that minimizes the system’s total energy, using a non-
linear constraint based on the homogeneous transformation matrices
in Eq. 3. Specifically, we formulate a constraint that prevents any part
of a finger both from penetrating an object and from passing from the
finger’s open configuration through the object to the other side.

Energy minimization
Because we are interested in finding the displaced configuration of the
hand that corresponds to its lowest energy state, we formulate an optimi-
zation problem to minimize the energy. To compute the potential energy
gained by a position-controlled serial chain finger that is displaced by an
object of known geometry and configuration, we compute the minimal
potential energy of the system according to the following constraints
% n
Ug o = r%in Y 1iKi(8g4, - 05p)

spqd 4
i=1

s.t.0 < 04, <

; (6)

Ospri = L...m

u; Sij, — wi,Sij, = 0,j = 1..m

where U;sp,q is the minimum system energy for object pose g and
commanded actuation set point 6. The displaced finger configura-
tion corresponding to the minimum energy of the system is repre-
sented by the vector of displaced joint positions 6;; Uiy Uiy Sijy and
sij, are the x and y components of the ith u and ijth s vectors (joint
positions and object points); Py is the set of all Cartesian joint po-
sitions calculated from displaced joint angles 84; and 0, is the com-
manded set point of the ith joint. The constraints 64; > 0 and 84; <
Osp, represent that the displaced joint positions must be greater than
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or equal to zero, usually due to mechanical hard stops, and must be less
than or equal to the commanded set points 65, because the object
cannot pull the finger past where it is commanded to go. The final con-
straint is u; sj;, — Ui Sij, = 0 for right-hand fingers and v; s, — u; 55, <0
for left-hand fingers and accounts for which side of the object the
finger is on. The constraint is derived from the sign of the cross product
of two vectors originating at a joint, with one directed to the subse-
quent joint (or fingertip) and the other to a point on the object (as
illustrated in Fig. 7B). When the sign of this constraint drops below
zero, it is physically equivalent to the finger passing through this point
on the object or having passed completely through the object to the
other side. Visually, this occurs when the tip of one vector passes
across the other (remembering that their tails are connected). Al-
though more general contact constraints exist for this problem, this
one was selected because it is fast to compute and represents the
problem well in this planar situation. Using the logic from Eq. 2, we
can simply solve the mathematical program in Eq. 6 once for each
finger and sum their minimum system energies to obtain the total
hand-object potential energy at each configuration of the system.

Energy fields
The solution to the energy minimization yields the displaced, mini-
mum energy state of the system corresponding to one single pose of
the object, given commanded finger actuation inputs 6 and fixed
object pose q. This can be extended to the set of all possible poses of
the object for that actuation input

Uq = {Uaglq = 1,...,Q} )
resulting in a scalar field U, that, when visualized, lends good intu-
ition about how the hand will move the object. In addition to con-
sidering how the hand is displaced by the forcible placement of the
object in a specific pose, we can also consider how the object will be
displaced by the actuation of the hand, should we drop our assump-
tion that it is fixed firmly in place. As an example, a hand’s transla-
tion capability with a square object is illustrated by the contour
plots showing the scalar field U, in Fig. 8, where the contour color
is the potential energy magnitude at that specific position in the
hand-object workspace. Whereas we were initially only concerned
with the lowest energy configuration of a hand, we now imagine
that the object is released from its fixed configuration and free to
move along with the hand and that the entire system will settle to its
lowest energy configuration. From the contour map, it is clear to see
where the object will tend to move—toward the lowest-energy re-
gion in the hand’s reachable workspace.

Gradient of energy map
The gradient of the potential energy scalar field with respect to the
object’s planar pose coordinates x, y, and B results in a distinct
vector field

Yo = _Vx,y,BUa (8)
for each scalar field U, corresponding to a distinct actuation input o.
Each vector field yg consists of pose g—dependent planar wrench vec-
tors w, € R? of the form Wq = [Wx Wy, wp]. Each of these vectors is the
net wrench that can potentially be imparted on the object or, more
generally, the wrench that could potentially be realized by the object at
pose q given the actuation inputs o from the hand. We qualify these
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statements as wrenches that could “potentially” be realized, because
these wrenches are calculated in the absence of friction, assuming ideal
hand and object geometry, and ideal actuation. As such, the actuation
that produces them is a necessary, rather than sufficient, condition
for the physical existence of these wrenches. The set of all vector fields
I' = {y1, ..., Yo} calculated over the set © containing all possible ac-
tuation inputs can be used to evaluate a specific hand’s manipula-
tion capability throughout the workspace of a hand-object system.

Specifically, if we consider a single object pose g with respect to
the hand, we can collect the set of vectors W, = {wg,1, ..., w; o} (one
vector from each field yg), where each vector corresponds to a pos-
sible actuation input to the hand while the object is at pose q. The
span of this set of vectors in x — y — B space physically represents the
range of wrenches that could potentially be applied to the object.
More generally, it tells us how well the hand can manipulate the
object from its pose in the workspace, and it is at the core of the
manipulation metric used in this work.

Manipulation metric

Given the set of net wrench vectors W, that can be imparted on an
object at a known pose, we can determine the possible directions of
motion that can potentially be realized by the object. This is illus-
trated visually by the sets of red and yellow vectors in Fig. 8. The
convex hull of {wg 1, ..., wg, e} is Conv(W,) and is the set of all allow-
able configurations of net wrench application to the object. We
want to find the maximum radius ball that can be inscribed in
Conv(W,), because the radius of this ball is equivalent to the maxi-
mum net wrench magnitude that could potentially be applied to the
object in any direction.

In other words, the radius of this ball allows us to compare how
well the hand can manipulate the object in one pose relative to other
poses. The greater the radius, the larger the wrench we can exert on
the object in any direction. To compute the maximum radius ball,
we use the hyperplane representation of a polytope formed by
Conv(W,). Recall that any polytope is defined by the intersection of
hyperplanes (h;, w) < b;. See (47) for more of this theory and (48) for
the theory behind producing any polytope representation given
vertices, as we have in Conv(W,). Last, given a hyperplane repre-
sentation, note that the radius wg of the maximum radius ball may
be computed with the quadratic program

)

* 2
Wq = mvz}xllw Il
S.t.<h1,W> =< b]

(hy,wy < by

(husw) < by

A visual example of the largest origin-centered ball bounded by
the convex hull of the gradient vectors is shown by the red and yel-
low balls in Fig. 8.

Caging metric
Although a larger radius tells us that we have greater control authority
over the object at a given pose, it tells us nothing about the likelihood
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of object ejection while continuing manipulation in a given direc-
tion. Ideally, we would like to design a hand that can manipulate an
object in any direction from any position in the workspace while
safeguarding against object ejection. To quantitatively consider this
trade-off between manipulability and ejection prevention, we scale
each of the vectors in W by a distinct value between 0 and 1, de-
rived from a basic representation of how caged the object is, given
the hand’s configuration under actuation input 6. If the hand does
not cage the object at all (meaning that the smallest distance between
the fingers through which the object could escape is larger than the
object itself), the vector is multiplied by 0, meaning it is not safe to
proceed actuating in that direction. If the fingers completely cage
the object (meaning there is no gap between the fingers), the vector
is multiplied by 1. When a gap exists between the fingers, but it is
smaller than the diameter of the object, the vector is scaled by a value
between 0 and 1 based on the size of the gap normalized by the size
of the object. Now, using this set of scaled vectors, the same proce-
dure is used as in Eq. 9 to find the largest inscribed ball inside of the
caging convex hull, resulting in the maximum caging manipulation
radius wcq and illustrated by the yellow vectors and ball in Fig. 8.
The caging manipulability score Hp for a hand-object system is then

1 S
Ho=—1—-Yw
© U,WQE1 «

(10)
where O is the object being manipulated, Q is the total number of
reachable object poses where both fingers make contact with the
object, and Up,ay is the maximum potential energy that the system
could theoretically see given the actuation limits of the hand. This
acts as a scaling factor that accounts for the fact that gradient vec-
tors grow longer (and thus the radius of the largest ball increases) as
you add more actuators to the system (you are able to exert a larger
wrench on the object given more actuation energy). In simple
terms, H is just the average caging manipulability that can be had
per actuation-workspace unit. Special care was taken to manually
inspect the final design space results and ensure that they were not
skewed toward hands with small reachable workspaces (small Q values),
because very high values of H can be obtained when Q is small. The
overall score for a hand design is the average score Hop over all sim-
ulated objects, as shown in Fig. 2 (written simply as H, as in the
color bar label).

Kinematic topology enumeration

Using the previously described manipulation metrics, this work
compares hand designs consisting of two opposing symmetric
fingers, each modeled as an open serial chain linkage. In this sec-
tion, we enumerate all possible planar serial chain finger topologies
consisting of up to three revolute and prismatic joints. We leave
hands with more than three joints per finger as future work, because
it is computationally quite intensive to consider all designs of all
permutations of kinematic topologies exhaustively with the cur-
rent simulation.

We begin by limiting the scope to open serial chains, meaning
that we are interested in mechanisms where one end is fixed and the
opposite end is free, and all joints are in series with one another.
Although it is likely that fingers based on parallel mechanisms
would create highly dexterous hands, we choose to save their con-
sideration for future work, allowing us to consider a tractable space
of kinematic topologies herein. Specifically, we focus on planar
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open serial chain linkages composed of revolute (R) and prismatic
(P) joints, separated by rigid links, where each linkage has a fixed
base link (the palm). The number of possible finger topologies for a
finger with n actuators is 2" and is found by counting the number of
ordered samples with replacement for two actuation styles (R and
P). The full list of finger topologies considered in this work is R, P,
RR, PP, RP, PR, RRR, PPP, RRP, PPR, RPR, PRP, RPP, and PRR.

Design space variation

To determine how design can be leveraged for better manipulation,
6250 unique hand designs were simulated manipulating 10 distinct
objects over their entire workspace, and the manipulation ability of
each hand-object system was graded on the basis of the metric de-
scribed by Eq. 10. All topologies enumerated in the previous section
were simulated.

Key design parameters were varied to exhaustively explore the
design space of planar open serial chain fingers. Specifically, the
palm width p (the spacing between the fingers), the distal-most link
length d, and the angle of each prismatic joint with respect to the
previous link ¢ (typically the 8 parameter in Denavit-Hartenberg
notation) were all varied, as shown in Fig. 7. Each finger length
(including half of the palm) was set to a dimensionless value of 1, so
the values of these parameters can be thought of as proportions of
total finger length rather than absolute values, permitting straight-
forward scaling of the system according to expected object sizes. In
general, the finger link lengths were determined as follows. First,
half of the palm width and the distal-most link length were sub-
tracted from the overall finger length of 1. Next, the remaining por-
tion of the finger was divided into #n — 1 equal parts, where # is the
number of actuators in the finger. Some special cases exist; for ex-
ample, in the case of topologies containing only one actuator, the
distal link length is set to zero, and the length of the single link is
1 — p. In addition, when the first joint in a finger is prismatic, the
length of its link is set equal to half the palm width—in other words,
a proximally located prismatic link is considered to be part of the
palm. Mathematically, the assignment of link lengths can be ex-
pressed as

. l1-p,n=1
- {l—p—d,n > 1

where p is half of the palm width, d is the distal link length, and [ is
the length of all other links. In practice, a palm width and a distal
link length are prescribed, and the remaining link lengths are solved
for using Eq. 11. The parameter p was varied from 0 to 0.5 (a pro-
portion of overall finger length) in five steps, and the parameter d
was varied from 0.0625 to 0.4 in five steps. As stated, the fixed angle
of prismatic joints was varied from 0 to 7/2, as shown in Fig. 2. This
is equivalent to varying the Denavit-Hartenberg parameter normal-
ly represented by 6, which is the controllable parameter of a revo-
lute joint but remains fixed for a prismatic joint. In addition, note
that the transmission ratio K is different for R and P actuators. This
is due to the gearing required to produce the linearly actuated
prismatic joints, using standard rotary motors. In this case, we
assume that prismatic joints are realized with a rack and pinion and
that the pinion radius is 0.15 (again a proportion of overall finger
length), but other values can be considered depending on design
constraints. This value was chosen to approximately adjust each
pinion motor’s backdrivable range with that of the other motors

(11)
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located at revolute joints (so the pinion motor has about 7/2 rad of
usable range while running the carriage over the desired distance
on the linear rail) to equalize the energy cost of displacing both P
and R joints.

Object size, shape, and pose variation

Each hand was simulated while varying the pose, shape, and size of
a target object. Specifically, each hand was simulated manipulating
10 distinct objects—>5 circles and 5 squares. Each shape’s radius was
varied over five sizes, from 0.15 to 0.4 (a proportion of the total
finger length). The pose of each object was varied to determine ma-
nipulability over the hand’s entire workspace. Because the system is
planar, the pose consists of an x coordinate and a y coordinate of the
object’s center and an orientation B. For circular objects, orienta-
tion was not varied. The metric detailed in Eq. 10 was computed at
each valid pose for each object.

A valid pose of the object is one that is reachable by both fingers
of the hand. If contact cannot be made between the hand and the
object in a particular pose, the metric was not evaluated, because
that pose is not within the hand-object system’s reachable work-
space. The range of simulated object sizes is shown in Fig. 7. Al-
though the y coordinate of the object pose was allowed to extend to
0, in practice, those y-coordinate values smaller than the object ra-
dius were excluded from the grid, because their inclusion would
place the object in intersection with the palm. The grid sampled in
the simulation is also shown in Fig. 7.

Simulated actuation

Joint limits were set for each joint, the range between these limits
was discretized into a set of individual set points for each joint,
and the Cartesian product of all sets was calculated to create the
set of all possible combinations of actuation inputs for a particu-
lar finger. The actuation limits for each joint were chosen on the
basis of typical limits seen in robotic hands. For instance, the first
revolute joint in a hand has a range between 0 and n rad (where
both fingers at 0 corresponds to the hand being fully open), al-
lowing it to sweep from one side of the palm to the other. Succes-
sive revolute joints, however, were limited to a range between 0
and m/2 rad with respect to the previous link to prevent excessive
collision with other parts of the hand or hyperextension. Pris-
matic joint ranges were also selected on the basis of practical con-
siderations, such as the approximate doubling in length that can
be achieved with standard leadscrew-driven linear actuators.
Thus, their actuation was limited between I/2 and . However,
prismatic joints located proximally in the finger were allowed to
extend from 0 to / because clever packaging is possible within the
palm. Special care was taken to ensure that this treatment did not
skew the results toward kinematic topologies with proximally
located prismatic joints, by testing with (0 to /) and without (I/2 to I)
this condition and by ensuring that results were normalized by
workspace size and did not tend toward hand designs with large
proximal prismatic links.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/54/eabd2666/DC1

Fig. S1. Open-loop operation through grasp primitive-based control.

Fig. S2. Object teleoperation through grasp primitive-based control.

Fig. S3. Visual servoing of object pose through grasp primitive-based control.
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