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Abstract

We address the problem of grasping everyday objects thanaad relative to an an-
thropomorphic hand, such as pens, screwdrivers, cellgh@mel hammers from their
natural poses on a support surface, e.g., a table top. Incrdditions, state of the
art grasp generation techniques fail to provide robustiezeble solutions due to ei-
ther ignoring or trying to avoid contact with the supportfage. In contrast, we show
that contact with support surfaces is critical for grasgnull objects. This also con-
forms with our anecdotal observations of human graspingtiehs. We develop a
simple closed-loop hybrid controller that mimics this natetive, contact-rich strategy
by a position-force, pre-grasp and landing strategy fordinacement. The approach
uses a compliant control of the hand during the grasp andselef objects in order
to preserve safety. We conducted extensive grasping eémpets on a variety of small
objects with similar shape and size. The results demomedtrat our approach is robust
to localization uncertainties and applies to many realladvobjects.
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1 Introduction

Grasping constitutes an essential component in an autam®nebotic manipulation
system operating in human environments. The wide variegvefyday objects and
various environment settings requires grasping stragebiat are robust to variations
in shape, size, and pose, as well as uncertainties in p@uoeptd robot kinematics.
Although advances in perception provide accurate objest gstimation, calibration
and kinematic factors affect the accuracy at which an efettfr can be controlled
for grasping. Because of such uncertainties contact irdtion such as tactile and
force/torque feedback is necessary to achieve robustgrasp

Much research in robotic manipulation is focused on gedmgtasp generation
and planning. Researchers study finger and object interecéind develop grasp qual-
ity metrics based on form and force closure [1]. Despite psorg progress in geomet-
ric grasp planning and the efforts devoted to analyzingmgpasperties, challenges still
remain in real-world manipulation tasks because thessg faitonsider opportunities
presented by contacts with the environment. In our viewpsued by our empiri-
cal studies, two factors play a crucial role in achieving enaybust grasps: dealing
with positioning uncertaintieE|[5], and using complianttions E()] to handle contacts
between the robot and the support surface, or the object.

Figure 1: Grasping of a hammer composed of three steps: camfzinding, compliant
grasping, and compliant releasing

Our work (Figl) is motivated by the task of grasping evegydajects that are
small relative to an anthropomorphic hand, including a genewdriver, cellphone,
and hammer from their natural poses on a support surfaceadgaple top (see F[d.2).
Note that existing techniques for grasping larger objeetsegally tend to perform well
when reliable grasp points can be found away from the suppofaces. However,
that is rarely the case for small objects. In addition, beeaexisting grasp planning
tools (such as OpenRAVE| [3]and Gras@[ll]) rely on predinger-to-object contact
points while avoiding the surrounding environment they iarpractical for grasping
small objects. Figurgl3 illustrates some of the failure nsodta geometric grasp
planner.

In our experience, geometric techniques are only effeetlven precise calibration
is performed to position the robot relative to the objectpilactice, limitations in sens-
ing and control uncertainty dominates and makes it impeattiThus, it is important
to devise grasping strategies that are robust to theseserror

Most approaches to grasping attempt to model uncertaintyomtrast, we believe
that the effect of uncertainty can be ignored by compliatérections between the
robot and the environment. Because we allow contact witketivdonment, compliant



Figure 2: The anthropomorphic Barrett hand grasps smadladj a cellphone, ham-
mer, pen, and screwdriver from a table top.

(b)

Figure 3: Failure modes of a geometric grasp planner: (apntact point found since
the hammer is sunken into the table due to localization gfb)rcomputed contact
points (red dots) are out of collision but too close to thédafr) the planner does not
allow for the contact with the table and therefore envelgmrasps are not considered
resulting in an unstable grasp

controllers are crucial to ensure safety of the robot. Opragch is motivated by anec-
dotal experiments with human subjects which demonstratéagibehavior in human

grasping of small objects (see Section 5.4). The use of dang# for grasping small

objects is the main contribution of this paper.

We present three simple, yet effective, manipulation gives for robust grasping
(and releasing) of small objects from support surfacesC@hpliant Finger Placement
for bringing all fingers safely in contact with the suppontfage, (2)Compliant Object
Graspingfor maintaining the contact between the fingertips and thmpsu surface
during the finger closure, and (8ompliant Object ReleaséAn example of landing
and grasping primitives is shown in Fig.1.

2 Related Work

The literature on robotic grasping is vast. Here we onlyrrefehe most recent related
developments in the area, but we also encourage the readensult the extensive
review in [1].

We believe uncertainty is the key challenge for graspinglisoiigects because of
limitation in perception and calibration. Many technigqagtempt to handle uncertainty
by explicitly modeling the contact between the fingers arldhject (e.g.[[13]). In
practice, for small object such precise modeling is verfiaift.

Deliberate interaction with the environment can be useédoice uncertainty. Ac-
tive sensing has been proposed to reduce uncertaintiegdntgmse estimation. For



example,|[7] uses pre-grasp interactions to estimate tfeeose without disturbing
it. Other methods such as [2,/4, 5] use deliberate intenagtith the object to reduce
uncertainty, e.g. in [4] a push-grasping mechanism is usatign and bring the object
inside the capture envelope. These approaches apply ®daigcts. However, due to
inaccuracies in control and perception they do not applyrtalkobjects.

The aforementioned techniques along with other geomeataigping strategies (e.g.
[1]) avoid contact with the support surface during grasgaken, and hence often fail
to successfully execute a planned grasp, particularlyrfalisobjects. In contrast, we
argue that reliable grasp of small object must consideramgtvith support surfaces.
Our approach leverages this insight. In order to allow otntath the environment
compliant motion is necessary.

In concurrent related workl |[8] recently presented a lemyritrategy to acquire
manipulation and grasping skills where an initial positimmtrol policy for the manip-
ulation task is initialized through kinesthetic demonstia. The learned policy is then
augmented with a force/torque profile that is controlledambination with position
trajectories using a force compliant strategy in a closeghlscheme that is similar
to ours. The force/torque profile is learned through denratish by optimizing a
cost function which measures the task success. In contréiséir technique, our ap-
proach does not require learning for all objects at everytiposof the workspace, but
rather implements a simple closed-loop hybrid positiorcéacontroller that generates
the compliant motions necessary to maintain the propemactbetween the finger tips
and the supporting surface during the grasp execution samghrational across a broad
range of conditions.

We propose a compliant grasping strategy which performshing as well as en-
veloping grasps [15]. In contrast to pinching grasps, wileeeobject is restrained by
the fingertips at certain contact points, enveloping graspgormed by wrapping the
fingers and the palm around the object. The theoretical aisalg.g. inl[15] and_[6])
for pulling objects from a surface into an enveloping graap be used when identify-
ing grasps for new objects. The choice of the grasp is affidayevarious parameters
including the task and the size, shape and weight of the bbjenveloping grasps
are shown to be superior in terms of restraining objects peesged in [1]. Although
preferable, they often are more challenging to perform anacios where the object
is lying down on a supporting surface, e.g., grabbing a hantyirg on a table (Fig.
[@). In fact, in such scenarios, the fingers need to come irc@uitact with the support
surface and then inserted underneath the object while the pashed downwards to
maintain the proximity to the table. Proper control of thbatic hand to achieve such
motion without breaking or stalling the fingers is the mdiiva for our work.

3 Hardware and Control Requirements

3.1 Hardware Requirements

The compliant motion primitives presented in this work wge sensing modalities: (1)
a 3-axis force/torque sensor positioned at the wrist baetwiee manipulator arm and
the hand, and (2) strain gauges between the proximal aral fiigjer segments. More-



over, the proposed primitives assume knowledge of fingepdiitions from forward
kinematics. Force feedback from the wrist closes the loogpérforming compliant
motions as described below. Finger strain gauges are sgdely to detect fingers con-
tact with the support surface.

Ideally, either of the above sensing modalities can proth@enecessary feedback
to implement the proposed primitives. However, we foundfthger strain gauges
hard to calibrate and very noisy, so we only used them as aybgensor to detect
individual finger contacts. At the same time, the 3-axiséfi@rque was noisy enough
that looking at the direction of the force vector was impicadtto determine which
finger had made contact, especially in the presence of kitiemadeling errors. Other
sensory hardware can be used as long as the above feedbaokitkep. For example,
tactile sensors at the tips of the fingers can be used to dbatefihger contacts.

3.2 Low-Leve Controllersfor Hand and Fingers
3.2.1 Veocity-based Operational Space Control of Hand

We employ a velocity-based operational space formulabagenerate compliant mo-
tion of the hand in response to forces seen at the wrist. Trmdlation is fairly
straightforwrd to implement and demonstrates an overatgmerformance compared
to other variations of operational space control [12]. Bessjoint velocities to track
a given hand velocityk,, determined based on the task primitive, are calculatedyusi
Liegeois’ resolved mation rate control approach as: [9]

Qe =J %4+ NI - JTJ)VH(q), 1)

wherelJ is the robot Jacobian with its pseudo-inverse dendted) is a gain value,
andH(q) is a null-space cost/utility function. Different criteian be used to define
H(q) depending on the objective, e.g., avoiding joint limits ordmatic singularities.
The desired motors torque command is calculated using tingeted torque con-
trol method with an added velocity feedbackl[12] to trackdbsired joint velocities in
@.
7 =M(q)da + C(a,4q) + g(a) + Kg,a(dis — ) 2)

whereM(q) is the inertia matrixC(q, q) is the Coriolis/centrifugal vectog(q) is
the gravity vectorK, 4 is a gain matrix, ane is the joints torque vector. The desired
joint acceleratiorij, is obtained by differentiating.

In the following sections, we describe how the desired hagldoity x, is com-
puted to achieve a compliant motion behavior in responsentact forces.

3.2.2 Position-based Control of Fingers

The fingers are controlled along their pre-defined trajéesonsing a position-based
method. The trajectory is defined as a sequence of waypaistsdon the given task
primitives. This controller is used to coordinate the positof fingers along their
desired trajectories during the grasping or releasing fEatb.
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Figure 4: A grasping task decomposed into four distinctstep

Figure 5: Compliant finger landing sequence: the circlexatd which new finger has
made contact with the support surface.

4 Force Compliant Grasping Primitives

A grasping task can be decomposed into four distinct, setllgrexecuted steps as
illustrated in Fid.4. (1)Compliant Landingfingers are placed in a pre-defined grasp
pre-shape and the hand is maneuvered downward until allrrigy rest on the sup-
port surface, (2XCompliant Grasping force feedback is used to maintain a desired
contact force at the fingertips while the fingers joints amctyonously closed to cap-
ture the object, (3Lift and Transportationthe object is lifted away from the surface
and carried to the destination, @pmpliant Releasehe object is gently deposited on
the support surface using a method similar to step 2. A siragguence of grasping
controls has been suggested|inl [14] inspired by neuroseistuclies, but it lacks the
finger landing step and the compliant primitives proposedispaper.

4.1 Force Compliant FingersLanding

Landing begins by positioning the palm at a safe hoveringdie above the surface, in
the direction of the plane’s normal. We assume that the ilmeatf the support surface
and its normal are roughly known from perception.

We achieve safe finger landing by controlling the hand towéne support surface
using a compliant controller. We use a velocity-based odletr(Eq[2) to generate the
compliant motions. This controller brings all fingers to tam with the support sur-
face, while preserving them from damage. Landing is achiegesoon as all fingertips
establish contact with the surface. Because the fingers tinaeuessarily contact the
surface simultaneously, we continuously update the seovral point and axis to
correct the hand’s motion. This process terminates whetlingris achieved (i.e., all
fingers are in contact with the support surface). Figureustithtes a finger landing
sequence. Our landing strategy can be adapted to suppmty@rasp pre-shapes.

Our approach relies on feedback from the finger strain gaogistermine whether
a finger is in touch with the support surface. It sets contagisiC; for fingersi =
1,2,3. These contact flags are updated in real-time during landind are used to



Figure 6: Control points and axes selected based on the fiipger

compute the axis around which the hand needs to be rotated.cdihtrol axes are
predefined based on the selection of control points at theffiipg and their location
with respect to the hand’s (or the end-effector’s) frame. dveose the control points
at the fingertips, i.e.CP190, CPg10 Or CP100, as shown in Figl6. For a single
finger contact, the control axis is defined by the fingertiptadmpoint to be parallel

with the support surface. When two fingers contact the sarfhe mid-point between
fingertips defines the control point, i.€P119, CP101 Or CPg11, and the control

axis is specified by the two control points at the fingertiphe Tanding primitives

continuously observe the contact status of the fingers alwdilage the appropriate
control axis around which an angular velocfw, (with a constant magnitude) is
applied to land the non-touching fingers (see Algorithim. 1.

In our experiments, uncertainties in localizing the suefaormal and/or modeling
errors in the robot kinematics resulted in an offset in thepotation of the control
axes. As aresult, rotation is performed around a slighffedint control axes, causing
the contacting fingers to either lose contact with the serfacapply significant force
onto the surface. The former leads to failure, and the lattéiangers the fingers.

We rely on force compliance to avoid these risks. We move #mallin compliance
with the forces exerted onto the fingers, which ensures agprogntact between the
fingertips and the surface. The compliant motion introdwcésear velocity only at
the control point and along the palm’s normal, in respongertces measured at the
wrist.

The desired force to servo the hand is calculated as

Fy=F(t)-F, —Fy, ©)

whereF (¢) is the current force seen at the wriBt, denotes the reference force recorded
a priori before the fingers touch the surface. The paranigtes an attractive force
value used to ensure downward motion of the hand (along lits parmal) when none

of the fingers is in contact with the support surface, i.e. WR&) ~ F,..

Finally, the linear velocity at the control point is givends 4 = Ky ,F4 where
K., is a positive gain. In practice we observed that passipghrough a deadband
filter helps to decrease the oscillation effect whgnapproaches zero.

The velocity screw at the control poifftx; is composed of a linear force compliant
component?v, and an angular velocitf?w, around the corresponding control axis



Algorithm 1: Force Compliant Finger Landing
1 begin
Record the current finger strairs;,;
Set the finger contact flags to zefo, < 0;
repeat
Get the current finger strainS;;
Get the current wrist force¥;;
Update the fingers contact flags; based on strains;
Determine the control point and axis, and the control poéhbeity screw
Pxa;
9 Compute the desired hand velocity screyy Apply the hand velocityk,
to joints using EQJ2;
10| untilCi==1for:=1,2,3;
11 end

0 N o g b~ W N
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Figure 7: Force compliant grasping primitive: the hand istoalled in compliance
with contact forces exerted from the support surface to tigefitips while the fingers
follow their pre-defined trajectory to reach the object.

as explained above, i.€2x,; = [*v], Pw,T]T. The control point velocity screw
“Px, is transformed to the corresponding hand velocity sckgwgiven kinematics of
the fingers and the current position of control point. Finate hand velocity screw
is then applied using the computed torque methoflas (2).ritfgo[d summarizes the
proposed landing strategy.

4.2 Force Compliant Grasping

Our compliant grasping strategy begins with the assumgtiahall fingertips are in
contact with the support surface. This strategy consisteofclosed-loop controllers
that run independently and in parallel (see Algorifim 2)e Titst servos the hand using
a velocity-based operation space controller. The secoagasition-based controller
that moves the fingers along their pre-defined trajectosies Sectioh 312).

The velocity-based operational space controller is simd&, which is described
in the previous section. This controller generates the diamipmotion of the hand in
response to forces exerted by the support surface to thertijpgye The goal of this
controller is to maintain contact between the fingers tigbtae support surface, while
closing the fingers towards the desired object-caging cordtipn (see Fid.17)

The compliant motion applied to the hand is composed of orlipear motion



Algorithm 2; Force Compliant Grasping
1 begin
Record the current wrist forceR,.;
Start fingers trajectory tracking by sending the first wappsoio fingers
controller;
4| repeat
5 Get the current wrist force¥;;
6 Compute the desired hand velocity using Ed.4;
7
8
9

w N

Apply the hand velocity, to joints using E§J2;
if all fingers reached their waypointien
| Send the next fingers waypoint positions;

10 end
11 | until all fingers reached their desired final positigns
12 end

calculated at the hand frame as
V4 = Kfade (4)

whereF; is defined in[(B). The hand velocity screw is then giverkas= [v], 07"
which is applied to the joints using the computed torqué&)n (2

While the fingers move along their predefined trajectories,compliant velocity
controller responds to forces that are due to the fingerdambnvith the support sur-
face. These forces are measured at the wrist. The fingersignesare coordinated to
ensure proper caging of the object, without missing it. Tordmate the fingers’ posi-
tions, as soon as all fingers reach their waypoints, new wagare provided to the
position-based controller (our second controller). Du@reven contacts, some fin-
gers may be lagging behind. This coordination strategy ysf&esuccessful grasping
of small objects.

Our compliant grasping strategy can be used for performit) pinching and
enveloping grasps. In a pinching grasp, the object is riegttlsby the fingertips only.
We achieve this behavior by stopping the fingers as soon aaatomith the object is
detected via strain feedback. The enveloping grasp caggiafter pinching the object.
It applies additional torque to the fingers while pushingdaoewnward, which in
practice encourages the object to slip towards the palmhé\same time, we close the
fingers to fully capture the object.

4.3 Force Compliant Object Release

The ability to accurately place an object and release it fgrasp is as important as
the ability of grasp and lift it, particularly for tasks suel stacking objects, assem-
bly, or exchanging objects between hands in bi-manual nudatipn. We devise a
compliant strategy for gentle release and placement of spgrhobject on a support
surface. The proposed approach effectively avoids abalgase of object from grasp
and ensures gentle placement on the support surface franpbetision and envelop-



Figure 8: Force compliant release/placement primitive

ing grasps. Release from enveloping grasps is more chaliglge to the inevitable,
extensive contact between the fingers and support surfaseydbe release. The pro-
posed release/placement primitive is inspired by humasasel skills and utilizes the
same methodology we employed to develop the compliant grggpimitive in above.
The main idea is to servo control the hand in compliant toderexerted to fingers as
the they open to release the object (sedFig.8).

Assuming the hand (with the object grasped) is located atfmveupport surface,
the release primitive beings by servoing the hand downwatd contact with the
surface is detected via continuous thresholding of thesfseen at the wrist. Relying
on the contact as a signal to stop the hand motion is inspiréaitnan release strategy
and has been used previously to trigger releasing objects @]).

Once contact between the hand/fingers and the support susfastablished, we
proceed by opening the fingers while compliantly servoasing the hand from the
support surface. This is achieved by running two concurentrollers: (1) a velocity-
based operational space controller to control the hand(2)nd position-based con-
troller to open the fingers along their pre-defined trajéesor The proposed strategy
follows the same scheme presented in Algorifim 2 with a méiféerence in the de-
sired forceF; which is calculated ab; = F(¢t) — F.., where the reference forde.
is recorded at the time of the initial contact between thedffargers and the support
surface.

5 Experimentsand Results

To validate and demonstrate the robustness and effectisesfehe proposed grasp-
ing primitives we have performed extensive experiments nlaintegrated robotic
manipulation system: a compliant 7-DOF Barrett Whole-Armariipulator (WAM)
equipped with a Barrett 3-finger dexterous hand BH-280, anidtegrated perception
system. The positioning accuracy of the perception systenes depending on the
object of interest. Overall, our system is capable of priogjabbject pose with an ac-
curacy of about — 2 centimeters and — 10 degrees error in position and orientation,
respectively. In Sectidn 3.1 we described the minimum hare¥Control requirements.
All objects in our experiments were located in rest posestable top localized by
the perception system. For each of the objects in our grgspiperiments the vision
system provides for an object a “launch” pose for the handrevliee grasp is to be
initiated. The launch pose is calculated in a way to restnietplane specified by the



fingertips parallel to the support surface with the handerentabove the object (or the
target location for the release of object).

To grasp the object the hand assumes a predefined pre-shakly dependent on
object geometry. Based on our empirical observations arehghe flexibility of our
proposed grasping approach, one could choose the samepgeashape for objects
with similar geometries. For example, for all objects witfirdrical shape (e.g., pen,
screwdriver, hammer, pipe, etc.) we used a cup-like grasgspape. In fact, we have
observed that the cup-like pre-shape works remarkablyfarefrasping many of small
objects we used in our experiments. This also highly consowith our anecdotal
human behavior observations. The width of fingers openirigria the cup pre-shape
can be chosen arbitrarily wide as long as it satisfies thdifat®an accuracy of the
perception system to make sure that the object can be caged.

We present the experimental results and our empirical ghgens in three cate-
gories: fingers placement/landing, object grasping, andcblelease/placement ex-
periments as follows. A video of the grasp sequence is dlailanline atht t p: //
yout u. be/ gxaxXCYY87Z0.

5.1 FingersLanding Experiments

An example of finger landing/placement experiment for gireggp hammer from a ta-
ble top is shown in Figl9. Initially the hand is at its launabsp centered above the
hammer, see F{g.9(a). As it is seen the fingertips plane @h#nd palm) is not par-
allel to the table due to misalignment of the hand caused lpgnainties combined
in perception and the robot kinematics. Clearly approagitie hammer along this
orientation will not place all fingers in contact with the popt surface (see F[g.9(b)),
and hence will not yield a stable and robust grasp if execufiedfix the hand ori-
entation and ensure all fingers are in touch with supporasetfthe proposed fingers
landing approach servo control the hand around appropraattol axes (as described
in Section 4.11) based on the current fingers touch statesndieed from the fingers
strain feedbacks. For example, in this experiment, the simdtially servo controlled
along the normal to fingertips plane (ffig.9(a)) until thediodbetween fingef’, and
support surface is detected (Fig.9(b)). The strain thresteoidentify the touch i$0
as indicated in the plot. Next the the hand is servo conti@i®und the control axis
at finger F» (Fig[9(c)) until fingerF; reaches the support surface. Finally, the hand
rotates around the control axis between fingérand F5 until finger F; contacts the
surface.

The plots in Fid.D show the fingers current contact statugtaméingers which are
expected to contact the table next at each instant of time fiibers strain values along
with the hand linear (along the normal of fingertips plane) angular velocities during
the whole landing process are also shown. Due to kinematicsein calculating the
control axis extra force might be exerted to a finger as the matates to land other
fingers. For example, the strain in fingérincreases even after its first contact with the
support surface as shown in Hig. 9. However, the force canpinotion incorporated
in the proposed landing technique prevents excessive forbe applied the fingers
by moving the hand away from the surface to decrease tha sirdiingers and avoid
damaging them.

10
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Figure 9: Compliant fingers landing

The proposed landing primitive can be used for landing fia§em different pre-
shapes, e.g., FIg.lLO shows landing experiments from vagoasp pre-shapes. For ev-
ery grasping experiment the fingers landing is first exectg@msure contact between

11



Figure 10: Compliant fingers landing/placement experimé&oim an open pre-shape

all the fingers and the supporting surface. This is a key gresée to the robustness
and success of our proposed compliant grasping approativas $n the experiments
which follow. This is also a unique and novel strategy whiciyrfind applications in
other robotic manipulation tasks to place fingers on theaserdf objects in a compliant
scheme.

5.2 Object Grasping Experiments

Each grasping experiment starts off with all the fingerdatit in contact with the
supporting surface. This is ensured using the fingers lgnstmategy presented above.
Figure11 shows snapshots of a grasping experiment to grigle frpm a table top. The
plot shows a number of parameters including: status of fageing stuck or reached
their waypoints, fingers trajectories, computed compliargar velocity of the hand
along its palm normal, and the tared force applied to the fsdmay its palm normal.
As shown the hand responds compliantly to the forces as therirclose along their
trajectories. For example, between seconds 6 to 8 all therfirttave reached the body
of the pipe (Fid.11(¢)) and apply forces to the pipe body abagethe table to manage
to go underneath the pipe which happens to around secondBisAtoment the forces
applied by the fingers pushes the hand upward while liftirggipe and managing to
fully cage it. The compliant motion of the hand plays a cruée to prevent damages
to the fingers. For example, there are other instances (algoconds 2 and 4) where
the fingers are stuck but the compliant motion does not lenthaipulator to exert
excessive pressure to the finger tips. Many of the state cduthgrasping techniques
either try to avoid the contact between the robot and suguoface or are not capable
of accounting for such contact, and hence fully ignore it.

The experiments presented here show that the coordinatiarekn the fingers and
the hand movement plays a crucial role in achieving robuetgof small objects. The
simple yet effective compliant grasping primitive pregehin this work successfully

12
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Figure 11: Force compliant grasping of a pipe from a table top

achieve this goal as shown through numerous experimentgréfil2 shows a rep-
resentative of experiments we have performed to grasp atyasf small objects, a
screwdriver, a pen, and a cellphone, etc. As shown the gisexpig a precision grasp

13



Figure 12: Examples of force compliant grasping experiment

using the fingertips to restrain the object. This was noteetile without maintaining
contact between the fingertips and the support surface asrdication with the hand
movement; the behaviors which are fully integrated into compliant grasping ap-
proach. Moreover, to compensate for the uncertainties singahe fingertips with the
support surface the fingers landing primitive was use aigndhe grasp execution.

5.3 Object Release Experiments

The last set of our experiments demonstrate the compligetblelease and place-
ment. The proposed release strategy has been succesgipligcato release objects
from both enveloping as well as precision (fingertip) gradpae to space limitation
we do not provide the plots explaining the details of theas¢estrategy. However,
as we noted before the release strategy heavily borrows thensompliant grasping

14



Figure 13: Examples of compliant object release/placemamtriments

Statistics Maglite  Screwdriver Hammer
Num. Trials 24 30 35
Success Rate 92% 93% 97%

Table 1: Compliant grasp performance on sample objects

technique and one can view it as a grasp execution but ingeweder. Two representa-
tive examples of the experiments from numerous experinvelitsh we performed are
shown in Fid.IB. The proposed release technique is higtiystoto the uncertainties
in localizing the height and orientation of the support aoef and manages to gently
release and replace objects on the support surface witlaoaging the fingers.

We conducted a series of grasp repeatability experimentsmmon objets found
in our lab; namely a D-battery Maglite, a foot-long screwdrj and a standard ham-
mer. The objects were randomly positioned on a table, witihénrobot’s reach. The
perception system was first used to localize the objectpvat by the sequence of
motions to position the hand at the grasp launch pose. Frabpthint, the sequence
of landing, grasping transportationandreleasewas executed, and success rate mea-
sured. The results are shown in Tablel. With successes ofd@ftp@bove proves
robust. Note that the vast majority of the failures were dueadrly testing failures,
where faults in our finger reset procedures caused fingeesrianjhen contacting the
table. Other independent, and competitive experiment® a@nducted using a differ-
ent robot, but using software we provided. For those tesi®fal attention to finger
calibration was given and our success rate for the objectgiomed was 100%, even
on particular objects not previously encountered.

15



5.4 Parallel with Human Grasping

Complete results from controlled experiments aimed at @ing our proposed robotics
grasping approach to the way humans grasp small objectstlhenfocus of this paper.
Nonetheless, our inspiration came from careful recordirtp®trajectories of human
grasps of various objects. The intent of our anecdotal éxyeeits was to validate our
belief that people make extensive use of contacts with tkig@ment to reduce hand
position uncertainty and move fingers into positions dugragsps. We present results
from a typical human experiment trial in Higl13, in which anfan subject was asked
to grasp a marker. We note that in every one of over 50 trialmdns subjects make
extensive contact with a supporting surface while gaspiic ®bjects, in contrast with
the classical grasping approach of finger placement withther object contaldt
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(a) Left: fingertips trajectories, right: examples of robot
and human grasps
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(b) 2-D histogram of fingertips trajectories

Figure 14: Experiments studying human grasping strategies

Figure[14(b) shows the 2-D histogram of fingertips trajgesfor 50 grasps per-
formed by human subjects. The center of the figure shows titeebt density of con-

1A custom iPad application in an embedded test platform, waithest subjects wearingouchscreen
Gloves was used to carefully measure both location and duratioconfacts while grasping objects of
interest.
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tacts due to subjects dragging their fingers towards theecefithe object, with some
trial starting up to 4 cm away from the object.

For all the test subjects, we noticed that they were actualighing the surface
over2 — 4 centimeters prior to grasping the pen. Those early respjisar to validate
our intuition for developing the simple touch-based priveis in this work.

6 Conclusion

We addressed the problem of grasping objects that are sefative to an anthropo-
morphic hand, including a pen, screwdriver, cellphone,l@mdmer from their natural
poses on a supporting surface, e.g., a table top. We argtieghtact with support
surfaces is critical for grasping small objects. We devigede simple, yet effective,
manipulation primitives for robust grasping (and relegyiof small objects from sup-
port surfaces: (1fompliant Finger Placemeffior bringing all fingers safely in contact
with the support surface, (Zompliant Object Graspinfpr maintaining the contact
between the fingertips and the support surface during therfitigsure, and (3fom-
pliant Object Release

We conducted extensive grasping experiments on a variesynafl objects with
similar shape and size. The results demonstrates that puoagh is robust to local-
ization uncertainties and highlights the benefits of coali contact driven control
strategies for grasping tasks.
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