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Abstract—We address the problem of grasping everyday objects
that are small relative to an anthropomorphic hand, such as pens
screwdrivers, cellphones, and hammers from their natural posg on
a support surface, e.g., a table top. In such conditions, statef the : ,
art grasp generation techniques fail to provide robust, achievale & i Lt ZEAi 2T
solutions due to either ignoring or trying to avoid contact with the  Fjg 1. Compliant landing of fingers followed by compliant
support surface. In contrast, we show that contact with suppad rasping of a hammer
surfaces is critical for grasping small objects. This also conforms 9 p 9
with our anecdotal observations of human grasping behaviors.
We develop a simple closed-loop hybrid controller that mimics
this interactive, contact-rich strategy by a position-force, pe-grasp
and landing strategy for finger placement. The approach uses
a compliant control of the hand during the grasp and release
of objects in order to preserve safety. We conducted extensv . ' -
grasping experiments on a variety of small objects with similar Fig. 2: The anthropomorphic Barrett hand grasps small ¢dzjec

shape and size. The results demonstrate that our approach is rolst 5 cellphone, hammer, pen, and screwdriver from a table top.
to localization uncertainties and applies to many everyday objects. ' ’ '
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generally tend to perform well when reliable grasp points ca
|. INTRODUCTION be found away from the support surfaces. However, that is
Grasping constitutes an essential component in an autamomtarely the case for small objects. In addition, becausetiegis
robotic manipulation system operating in human envirorismiengrasp planning tools (such as OpenRAVE [4] and Grasplt)[12]
The wide variety of everyday objects and various environmefely on precise finger-to-object contact points while airajd
settings requires grasping strategies that are robustriatiems the surrounding environment they are impractical for gragp
in shape, size, and pose, as well as uncertainties in panepsmall objects. FigurE]3 illustrates some of the failure nsode
and robot kinematics. Although advances in perceptionigeov a geometric grasp planner.
accurate object pose estimation, calibration and kinenfiattors In our experience, geometric techniques are only effective
affect the accuracy at which an end-effector can be comttollwhen precise calibration is performed to position the robot
for grasping. Because of such uncertainties contact irdtion relative to the object. However, limitations in sensing and
such as tactile and force/torque feedback is necessarnhtevac control uncertainty make grasps that rely on precise catiitim
robust grasps. impractical. Thus, it is important to devise grasping smss
Much research in robotic manipulation is focused on geoméhat are robust to these errors.
ric grasp generation and planning. Researchers study farger  Most approaches to grasping attempt to model uncertaimty. |
object interactions and develop grasp quality metrics dbase contrast, we believe that the effect of uncertainty can berigd
form/force closure|]2]. Despite promising progress in gebm in many compliant interactions between the robot and the
ric grasp planning and the efforts devoted to analyzing graenvironment. Because we allow contact with the environment
properties, challenges still remain in real-world mangioin  compliant motions are crucial to ensure safety of the rolnot a
tasks because the existing techniques fail to considerrappo successful execution of the task. Our approach is motivayed
nities presented by contacts with the environment. In oawyi anecdotal experiments with human subjects which demdastra
supported by our empirical studies, two factors play a elucisimilar behavior in human grasping of small objects (sedi@ec
role in achieving more robust grasps: dealing with positign [II}. The use of compliance for grasping small objects isrtragn
uncertainties|[6], and using compliant motions|[11] to Handcontribution of this paper.
contacts between the robot and the environment. We present three simple, yet effective, manipulation giims
Our work (Figl) is motivated by the task of grasping evfor robust grasping (and releasing) of small objects froppsut
eryday objects that are small relative to an anthropomorplsurfaces: (1Compliant Finger Placemerior bringing all fingers
hand, including a pen, screwdriver, cellphone, and hamrnoen f safely in contact with the support surface, ()mpliant Object
their natural poses on a support surface, e.g., a table & (&raspingfor maintaining the contact between the fingertips and
Fig[d). Note that existing techniques for grasping larggiects the support surface during the finger closure, andd@npliant



' demonstration by optimizing a cost function which measures
the task success. In contrast to their technique, our approa
requires no learning and implements a simple closed-lotypidhy

=
_— position-force controller that generates the compliantioms

(b) (c) (d) necessary to maintain the proper contact between the fipgert
Fig. 3: Failure modes of a geometric grasp planner: (a) ntacon and the supporting surface, and is operational across al broa
point found since the hammer is sunken into the table due r@1ge of conditions.

localization error, (b) computed contact points (red datg)out ~ We propose a compliant grasping strategy which performs
of collision but too close to the table, (c) the planner does npinching as well as enveloping grasps |[17]. In contrast to
allow for the contact with the table and therefore envelgpirPinching grasps, where the object is restrained by the fiipgeat
grasps are not considered resulting in an unstable grajp, g@rtain contact points, enveloping grasps are formed bpping
releasing the object fails since the planner does not atdoun the fingers and the palm around the object. Theoretical aisaly
collision between the fingers and support surface. (e.g. as inl[17] and_[7]) can be used for pulling objects from a
surface into an enveloping grasp when identifying grasps fo

Object ReleaseAn example of compliant landing and graspind'€W objects. The choice of the grasp is affected by various

primitives is shown in Figl1. parameters including the task and the size, shape and wafight
the object. Enveloping grasps are shown to be superior inster
Il. RELATED WORK of restraining objects as expressed|in [2]. Although pedfte,

The literature on robotic grasping is vast. Here we onlyrreféhey often are more challenging to pgrform In scenarios eher
to the most recent related developments in the area, butsee e object is _Iylng down on a S}Upportlng surfgce, e.g., gr@t_)
encourage the reader to consult the extensive review byhBic& hammer lying on a table (Figl 1). In fact, in such scenarios,
and Kumar/[2]. the fingers need to come in full contact with the support serfa

We believe uncertainty is the key challenge for graspinglismgnd then slip undemeath the object while the hand is pushed
objects because of limitations in perception and calibrati 90WNnwards to maintain the proximity to the support surface.
Many techniques attempt to handle uncertainty by exmicmPrope_r control (_)f the h_and to achieve _suc_h motion without
modeling the contact between the fingers and the object (é?égaklng or stalling the fingers is the motivation for our or
[14]). In practice, for small objects such precise modeliag
very difficult.

Deliberate interaction with the environment can be used toComplete results from human subject studies aimed at com-
reduce uncertainty. Active sensing has been proposed tmeedparing our proposed robotic grasping approach to the way
uncertainties in object pose estimation. For example, ddsta humans grasp small objects is not the focus of this paper.
al. [8] use pre-grasp interactions to estimate the object posenetheless, our inspiration came from careful recordifig o
without disturbing it. Other methods such as [3,|5, 6] udeuman grasping activities. The intent of our anecdotal expe
deliberate interaction with the object to reduce uncetyaie.g. iments was to validate our belief that people make extensive
in [5] a push-grasping mechanism is used to align and briag thse of contacts with the environment to reduce hand position
object inside the capture envelope. Pkitial. [15] devised null uncertainty and move fingers into positions during grasping
space grasp controllers to achidvietionless equilibriumgrasp small objects from support surfaces.
configurations by displacing the fingers over the objectam&f We present results from a typical human experiment trial in
and aiming to regulate contact force/moments error re8doa Fig[4, in which a human subject was asked to grasp a marker.
zero. A custom in-house developed iPad application was used to

The aforementioned techniques along with other geometdarefully measure both location and duration of contactdewh
grasping strategies (see [2]) either neglect or try to agoittact subjects grasped the marker from the iPad surface. We note
with the support surface during grasp execution, and hertbat in every one of over 50 trials, human subjects maintain
often fail to successfully execute a planned grasp, pdatigu extensive contact with the iPad surface while grasping the
for small objects. In contrast, we argue that reliable grakp marker, in contrast with the classical grasping technigoks
small object must consider contacts with support surfa®es. precise placement of fingers on grasp points while avoiding
approach leverages this insight. In order to allow contaith w contact with support surface.
the environment compliant motion is necessary. Figure[4(b) shows the 2-D histogram of fingertip trajectorie

In concurrent related work, Kalakrishnaat al. [9] recently for 50 grasping experiments performed by 5 human subjects in
presented a learning strategy to acquire manipulation abg which they were asked to grab a marker located at a predefined
ing skills where an initial position control policy for theam location on the iPad surface (repeatedly for 10 times eddiy.
nipulation task is initialized through kinesthetic demiwason. center of the figure shows the highest density of contactsaue
The learned policy is then augmented with a force/torquéilpro subjects dragging their fingers towards the center of theabbj
that is controlled in combination with position trajecesiusing For all the test subjects, we noticed that they were somstime
a force compliant strategy in a closed-loop scheme that t@uching the surface oveX to 4 centimeters prior to grasping
similar to ours. The force/torque profile is learned througtme marker. These early results appear to validate ourtiiorui

Ill. PARALLEL WITH HUMAN GRASPING
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52 i erate compliant motion of the hand in response to forces aeen

the wrist. This formulation is fairly straightforwrd to ingment
and demonstrates an overall good performance compared to
other variations of operational space control [13]. Daebjant

65 velocities to track a given hand velocity;, determined based
4 5 7 9 . - . . .
cn on the task primitive, are calculated using Liegeois’ resdl
(a) Left: fingertip trajectories, right: examples of robot motion rate control approach as: []_O]

and human grasps

qa = I %4+ A1 - JTI)VH(q), 1)

where J is the robot Jacobian with its pseudo-inverse denoted
J*, X is a gain value, andI(q) is a null-space cost/utility
function. Different criteria can be used to defHéq) depending
on the objective, e.g., avoiding joint limits or kinematiogu-
larities.

The desired motors torque command is calculated using
the computed torque control method with an added velocity

8 © *owm? 0 g feedback|[13] to track the desired joint velocities [ih (1),
(b) 2-D histogram of fingertip trajectories
Fig. 4: Experiments studying human grasping strategies T =M(q)dq + C(q,q) + g(a) + Kgalda —a) (2

where M(q) is the inertia matrix, C(q,q) is the Corio-
lis/centrifugal vectorg(q) is the gravity vectorK, ; is a gain
matrix, andr is the joints torque vector. The desired joint
accelerationy, is obtained by differentiatingj,.

IV. HARDWARE AND CONTROL REQUIREMENTS In the following sections, we describe how the desired hand
A. Hardware Requirements velocity x4 is computed to achieve a compliant motion behavior
ig response to contact forces.

The compliant motion primitives presented in this work us - _ i
two sensing modalities: (1) a 3-axis force/torque sensai-po 2) Position-based Control of FingersThe fingers are con-

tioned at the wrist between the manipulator arm and the haftp!led along their pre-defined trajectories using a positbased
and (2) strain gauges between the proximal and distal fing{)@?th‘)d- The trajectory is defined as a sequence of waypoints
segments. Moreover, the proposed primitives assume koigale Pased on the given task primitives. This controller is used t
of fingertip positions from forward kinematics. Force feadk CoOordinate the position of fingers along their desired ttajes
from the wrist closes the loop for performing compliant mag during the grasping or releasing of objects.
as described below. Finger strain gauges are solely usestd¢otd
when fingers are in contact with the support surface. V. FORCECOMPLIANT GRASPING PRIMITIVES

Ideally, either of the above sensing modalities can provide
the necessary feedback to implement the proposed primitive A grasping task can be decomposed into four distinct, se-
However, we found the finger strain gauges hard to calibraggentially executed steps as illustrated in [Hig.5. Compliant
and very noisy, so we only used them as a binary sensorl@nding fingers are placed in a pre-defined grasp pre-shape and
detect individual finger contacts. At the same time, the i3-axthe hand is maneuvered downward until all fingers fully rest o
force/torque was noisy enough that looking at the directibn the support surface, (Zyompliant Graspingforce feedback is
the force vector was impractical to determine which fingedt haised to maintain a desired contact force at the fingertipgewhi
made contact, especially in the presence of kinematic rimaelthe fingers joints are synchronously closed to capture thectb
errors. Other sensory hardware can be used as long as the a3y Lift and Transportation the object is lifted away from the
feedback is provided. For example, tactile sensors at fijpger surface and carried to the destination, (@gmpliant Release

for developing the simple contact-rich primitives in thignk.
A formal analysis of human grasping activities is the sutbfgc
our current research.

can be used to detect the finger contacts. the object is gently deposited on the support surface using a
] method similar to step 2. A similar sequence of graspingrotsit
B. Low-Level Controllers for Hand and Fingers has been suggested in [16] inspired by neuroscience studies

1) Velocity-based Operational Space Control of Handle but it lacks the finger landing step and the compliant priragi
employ a velocity-based operational space formulationen-g proposed in this paper.



Algorithm 1: Force Compliant Finger Landing

1 begin
Record the current finger strairS;,;
Set the finger contact flags to zel©@, « 0;
repeat
Get the current finger strainS,;
Get the current wrist forced;
Update the fingers contact flagS, based on strains;
Determine the control point and axis, and the control point
velocity screwxg;
9 Compute the desired hand velocity scraw, Apply the
hand velocityx, to joints using EQR;
10 | until C;==1fori=1,2,3;
11 end

Fig. 6: Compliant finger landing sequence: the circles iatdic
which new finger has made contact with the support surface.
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normal and/or modeling errors in the robot kinematics tesul

Y

Fig. 7: Control points and axes selected based on the fipgerti? @n offset in the computation of the control axes. As a fiesul
rotation is performed around a slightly different controles,

causing the contacting fingers to either lose contact with th

. ) o _surface or apply significant force onto the surface. The &rm
Landing begins by positioning the palm at a safe hoveringaqs to failure, and the latter endangers the fingers.

A. Force Compliant Fingers Landing

distance above the surface, in the direction of the plar@'sal. We rely on force compliance to avoid these risks. We move
We assume that the location of the support surface and itsalor e hang in compliance with the forces exerted onto the fager

are roughly known from perception. _ which ensures a proper contact between the fingertips and the
We achieve safe finger landing by controlling the hand Qytace. The compliant motion introduces a linear velooitjy

wards the support surface using a compliant controller. WE_Uat the control point and along the palm’s normal, in respdose
a velocity-based controller (E@ 2) to generate the compligzyrces measured at the wrist.

motions. This controller brings all fingers to contact wittet
support surface, while preserving them from damage. Landin
is achieved as soon as all fingertips establish contact with F,=F(t) - F, —Fy, 3)

the surface. Because the fingers do not necessarily contact

the surface simultaneously, we continuously update theosetvhereF(t) is the current force seen at the wribt, denotes the
control point and axis to correct the hand’s motion. Thiscpss reference force recordeal priori before the fingers touch the
terminates when landing is achieved (i.e., all fingers are $irface. The parametdf, is an attractive force value used to
contact with the support surface). Figlite 6 illustrates gefin ensure downward motion of the hand (along its palm normal)
landing sequence. Our landing strategy can be adapted mﬂupwhen none of the fingers is in contact with the support surface
various grasp pre-shapes. i.e. whenF(t) ~ F,.

Our approach relies on feedback from the finger strain gaugedinally, the linear velocity at the control point is given as
to determine whether a finger is in touch with the supportvae = KypFa whereKy , is a positive gain. In practice we
surface. It sets contact flagg; for fingersi = 1,2,3. These Observed that passin, through a deadband filter helps to
contact flags are updated in real-time during landing, ard &lecrease the oscillation effect wh&ly approaches zero.
used to compute the axis around which the hand needs to bdhe velocity screw at the control poifitx, is composed of a
rotated. The control axes are predefined based on the seleclinear force compliant componefitv, and an angular velocity
of control points at the fingertips and their location witspect “’wa around the corresponding control axis as explained above,
to the hand’s (or the end-effector’s) frame. We choose tigrob i-€., x4 = [PV}, Pwy"]". The control point velocity screw
points at the fingertips, i.eCP1g0, CPg10 O CPgo1, as 7Xd is transformed to the corresponding hand velocity sctgw
shown in Fid¥. For a single finger contact, the control ax@ven kinematics of the fingers and the current position otcs
passes through the fingertip and is defined parallel with tReint. Finally, the hand velocity screw is then applied gsihe
line passing through the other two fingertips. When two fingeg@mputed torque method &gl (2). Algoritlih 1 summarizes the
contact the surface, the mid-point between fingertips define Proposed landing strategy.
control point, i.e.,CP119, CP191 0r CPgy1, and the control
axis is specified by the two control points at the fingertipse T
landing primitives continuously observe the contact staiuthe Our compliant grasping strategy begins with the assumption
fingers and calculate the appropriate control axis aroundtwhthat all fingertips are in contact with the support surface.
an angular velocity?w, (with a constant magnitude) is appliedThis strategy consists of two closed-loop controllers that
to land the non-touching fingers (see AlgoritHh. 1). independently and in parallel (see Algorithiin 2). The first/es

In our experiments, uncertainties in localizing the swfadhe hand using a velocity-based operation space contrdlter

The desired force to servo the hand is calculated as

B. Force Compliant Grasping



Algorithm 2: Force Compliant Grasping

1 begin
2 | Record the current wrist forces,,;
3 | Start fingers trajectory tracking by sending the first waypoints

Fig. 8: Force compliant grasping primitive: the hand is colted to fingers controller;
in compliance with contact forces exerted from the supportt rege‘"’t‘tth rent wrist forced:
surface to the fingertips while the fingers follow their pefided e the cuire St Torees

) . 6 Compute the desired hand velocity, using Ed.4;
trajectory to reach the object. 7 Apply the hand velocityk, to joints using EGR;
8 if all fingers reached their Waypointhe_n
second is a position-based controller that moves the firersy 9 | | | %end the next fingers waypoint positions;
10 en

th?Lgr\%?fg;?ﬁg;gzlgcgggfjtif:; gsgcme con-t?g iler is sinila 11 lijntil all fingers reached their desired final positions
12 en

(@), which is described in the previous section. This cdlgro

generates the compliant motion of the hand in response tegor

exerted by the support surface to the fingertips. The godiisf t

controller is to maintain contact between the fingers tips the

support surface, while closing the fingers towards the ddsir P TR ~ L 3
object-caging configuration (see Fig. 8) 4 ¥ . . .
The compliant motion applied to the hand is composed o e . sl s 4 X" ‘ o
only a linear motion calculated at the hand frame as Fig. 9: Force compliant release/placement primitive
va =K pFaq (4) release/placement primitive is inspired by human rele&ds s

r‘?md utilizes the same methodology we employed to develop the
compliant grasping primitive. The main idea is to servo oaint
the hand in compliance to forces exerted on the fingers as the
O{pey open to release the object (see[Fig.9).

Assuming the hand (with the object grasped) is located above
he support surface, the release primitive begins by segvtiie

and downward until contact with the surface is detected via
ntinuous thresholding of the force seen at the wrist. iRgly
the contact as a signal to stop the hand motion is inspiyed b
man release strategy and has been used previously tertrigg

where F; is defined in [(B). The hand velocity screw is the
given asx; = [v1,07]T which is applied to the joints using
the computed torque if(2).

While the fingers move along their predefined trajectories,
compliant velocity controller responds to forces that ame tb
the fingers’ contact with the support surface. These forces
measured at the wrist. The fingers’ positions are coordihat
to ensure proper caging of the object, without missing it. T
coordinate the fingers’ positions, as soon as all fingershrear%n
their waypoints, new waypoints are provided to the positio u

based controller (our second controller). Due to unevemams, relgasmg ot;JecttE (f'g" [1'[?1]).h dff dth teurf
some fingers may be lagging behind. This coordination gyate nce contact between the hand/lingers and the support surtac

is key for successful grasping of small objects. is established, we proceed by opening the fingers while dempl

Our compliant grasping strategy can be used for performir. tlyhsferv%-ct;)ntrollmlg thte hand from t?e sutpplcl)rt @rfélf?as .
both pinching and enveloping grasps. In a pinching grasp, t achieved by running two concurrent controllers: a vejaci

object is restrained by the fingertips only. We achieve th Sased operational space controller to control the hand,aand

behavior by stopping the fingers as soon as contact with %s_ltlon-baged c_ontroller to open the fingers along their pr
object is detected via strain feedback. The envelopingpgra efined trajectories. The pr_oposed strategy fOIIOV\.'S theesa_m
continues after pinching the object. It applies additicimatjue tsch%me. p;e?ent;d |nhAlﬁquthE| 2| V;"tg afmlzoertlffer?ce n
to the fingers while pushing hand downward, which in practic@e esired forcarq which Is calcuated as’g = (t) - LT
encourages the object to slip towards the palm. At the s fi where the reference forde. is recorded at the time of the initial
we close the fingers to fully capture the obje c.t : contact between the hand/fingers and the support surface.

C. Force Compliant Object Release VI. EXPERIMENTS AND RESULTS

The ability to accurately place an object and release it fromTo validate and demonstrate the robustness and effectisene
grasp is as important as the ability to grasp and lift it,ijpafarly  of the proposed grasping primitives we have performed siten
for tasks such as stacking objects, assembly, or exchangegperiments on a fully integrated manipulation system: m-co
objects between hands in bi-manual manipulation. We devisgliant 7-DOF Barrett Whole-Arm Manipulator (WAM) equipped
compliant strategy for gentle release and placement of gpgrh with a Barrett 3-finger dexterous hand BH-280, and an integra
object on a support surface. The proposed approach effgctivperception system. The positioning accuracy of the peimept
avoids abrupt release of the object from the grasp and enswsgstem varies depending on the object of interest. Overall,
gentle placement on the support surface from both precisisystem is capable of providing object pose with an accurdcy o
and enveloping grasps. Release from enveloping graspsrs mabout1 — 2 centimeters and — 10 degrees error in position
challenging due to the inevitable, extensive contact betatbe and orientation, respectively. In Sectibn TV-A we desatiltbe
fingers and support surface during the release. The proposgdimum hardware/Control requirements.



All objects in our experiments were located in their natural
poses on a table top localized by the perception system.detr e
of the objects in our grasping experiments the vision system
provides for an object a “launch” pose for the hand where the
grasp is to be initiated. The launch pose is calculated inya wa
to restrict the plane specified by the fingertips parallelhe t
support surface with the hand centered above the objechéor t
target location for the release of object).

To grasp the object the hand assumes a predefined pre-
shape weakly dependent on object geometry. Based on our
empirical observations and given the flexibility of our pospd i , "
grasping approach, one could choose the same grasp pre-shap (d) Fj touching (e) Rotating (f) F1 touching

for objects with similar geometries. For example, for aljealts g ] : , ' ' ‘ '
with cylindrical shape (e.g., pen, screwdriver, hammepepi 8% 5 l@m:
etc.) we used a cup-like grasp pre-shape (as shown iflFig.1). £ £, :

In fact, we have observed that the cup-like pre-shape works g I A I
remarkably well for grasping many of the small objects weduse % . rd Ioeeeem:
in our experiments. This also highly conforms with our arotat ?D g F ‘ ~ : SRS
human behavior observations. The width of the finger opening 0 N N

to form the cup pre-shape can be chosen arbitrarily widersg lo T+ R T e Tl
as it satisfies the localization accuracy of the perceptictesn @) [c) (e)
to make sure that the object can be caged.

We present the experimental results and our empirical ob-
servations in three categories: fingers placement/landihg
ject grasping, and object release/placement experimests a
follows. A video of the grasp sequence is available online
at/http://youtu.be/gxaXCYY87Z0.

Fingers strains (tared)

A. Fingers Landing Experiments

1’]
i

An example of finger landing/placement experiment for grasp
ing a hammer from a table top is shown in Eid.10. Initially
the hand is at its launch pose centered above the hammer, see
Fig[I0(@). As it is seen the fingertips plane (or the hand pam
not parallel to the table due to misalignment of the hand egus
by uncertainties combined in perception and the robot katem ‘ -
ics. Clearly approaching the hammer along this orientatidh '
not place all fingers in contact with the support surface (see 0 ! 2 3 time“[secf
Fig[I0(b)), and hence will not yield a stable and robustgifs _. ) . . , . . .
executed. To fix the hand orientation and ensure all fingexs rY: 10: A typical compliant fingers landing experlmer]t. the
in contact with the support surface, the proposed fingeritend ingers (current and expec_ted) touch states are continyious| .
approach servo controls the hand around appropriate ¢antee updated based on the stram gauges feedbacks as the hand is
(as described in Sectidn VA) based on the current fingerrtoulsﬁervo controlled to land the fingers.
states determined from the finger strain feedbacks. For gleam Due to kinematic errors in calculating the control axis axtr
in this experiment, the hand is initially servo controllddreg the force might be exerted to a finger as the hand rotates to land
normal to the fingertips plane (Hig.10(a)) until the touchween other fingers. For example, the strain in fingBs increases
finger F» and the support surface is detected (Fig.-10(b)). Tlewen after its first contact with the support surface as shown
strain threshold to identify the touch i as indicated in the in Fig.[10. However, the force compliant motion incorpodate
plot. Next the the hand is servo controlled around the céntria the proposed landing technique prevents excessive foroe
axis at fingerF, (Fig[10(c)) until fingerF; reaches the supportbeing applied to the fingers by moving the hand away from the
surface. Finally, the hand rotates around the control eefiwéen surface to decrease the strain on fingers and avoid damaging
fingers F; and F3 until finger ) contacts the surface. them.

The plots in Fig.ID show the fingers’ current contact status The proposed landing primitive can be used for landing fieger
and the fingers which are expected to contact the table nexfiram different pre-shapes. For example, Eig.11 shows tapdi
each instant of time. The fingers strain values along with tlesperiments two different grasp pre-shapes. For everypgngs
hand linear (along the normal of fingertips plane) and amgulexperiment finger landing is first executed to ensure contact
velocities during the whole landing process are also showretween all the fingers and the supporting surface. This is a

linear
(e

Hand velocity

angular
o



http://youtu.be/gxaXCYY87Z0
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Fig. 11: Compliant fingers landing/placement experimerasmf
different hand pre-shapes
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key prerequisite to the robustness and success of our mdpos
compliant grasping approach as shown in the experimentshwhi
follow. This is also a unique and novel strategy which may find
applications in other robotic manipulation tasks to placgédis

on the surface of objects in a compliant scheme.
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B. Object Grasping Experiments

Each grasping experiment starts off with all the fingers ini-
tially in contact with the supporting surface. This is ermslr
using the finger landing strategy presented above. Fifjure 12
shows snapshots of a grasping experiment to grab a pipe from
a table top. The plot shows a number of parameters including:
status of fingers being stuck or reached their waypointsefsg
trajectories, compliant linear velocity of the hand alotgygalm
normal, and the force applied to the hand along its palm nbrma
As it is shown, the hand responds compliantly to the wristdsr
while the fingers close along their trajectories. For exanpl
between seconds 6 to 8 all the fingers have reached the body of
the pipe (Fid.12(¢)) and apply forces to the pipe body as well
as the table to manage to go underneath the pipe (about second
8). At this moment the forces applied by the fingers pushes
the hand upward while lifting the pipe and managing to fully — e u
cage it. The compliant motion of the hand plays a crucial role r J o . .
to prevent damage to the fingers. For example, there are other 0 2 4 6 8 10
instances (abgut seco.nds 2 and 4) where the fingers are stq% 12: Force compliant grasping of a pipe from a table top
but the compliant motion prevents the robot to exert exeessi
pressure to the fingertips. Many of the state of the art gngspi
techniques either try to avoid the contact between the rabdt
support surface or are not capable of accounting for suctacgn  The last set of our experiments demonstrate the compliant
and hence fully ignore it. object release and placement. The proposed release gtrateg

The experiments presented here show that the coordination bas been successfully applied to release objects from both
tween the fingers and the hand movement plays a crucial rolesinveloping as well as precision (fingertip) grasps. Due axep
achieving robust grasps of small objects. The simple yettffe limitations we do not provide the plots explaining the detaf
compliant grasping primitive presented in this work sustaly the release strategy. However, as we noted before, theseclea
achieves this goal as shown through numerous experimestsategy heavily borrows from the compliant grasping téghe
Figure I3 shows representative examples of experimentawe hand one can view it as grasp execution but in reverse order. A
performed to grasp a variety of small objects, a screwdriger representative example from numerous experiments which we
pen, and a cellphone, etc. As shown the grasp used is a precigierformed is shown in Fig.14. The proposed release techniqu
grasp using the fingertips to restrain the object. Theseessfal is highly robust to the uncertainties in localizing the Hetignd
results were not achievable without maintaining contativeen orientation of the support surface and manages to genthasel
the fingertips and the support surface and coordinatingffimnge and replace objects on the support surface without damaleng
jectories, behaviors which are fully integrated into oumpdiant  fingers.
grasping approach. Moreover, to compensate for unceadaiimt We conducted a series of grasp repeatability experiments on
placing the fingertips on the support surface, the fingeritend common objects found in our lab; namely a D-battery Maglite,
primitive was used prior to grasp execution. a foot-long screwdriver, and a standard hammer. The objects

Fingers trajectories

Wrist force (tared)

=}

linear velocity

Hand

C. Object Release Experiments



TABLE I: Compliant grasp performance on sample objects

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

the support surface during the finger closure, andd@npliant
Object ReleaseWe conducted extensive grasping experiments
on a variety of small objects with similar shape and size. The
results demonstrate that our approach is robust to lotiliza
uncertainties and highlights the benefits of compliant,tacn
driven control strategies for grasping tasks.
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