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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 Ze i
solutions due to either ignoring or trying to avoid contact with the  Fjg 1. Compliant landing of ngers 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 nger placement. The approach uses
a compliant control of the hand during the grasp and release h = 4 -
of objects in order to preserve safety. We conducted extensv = g —
grasping experiments on a variety of small objects with similar Fig. 2: The anthropomorphic Barrett hand grasps small ¢dsjec

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. ' ' '

il

generally tend to perform well when reliable grasp pointa 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 environisiengrasp planning tools (such as OpenRAVE [4] and Grasplt)[12]
The wide variety of everyday objects and various environmefgely on precise nger-to-object contact points while avodgl
settings requires grasping strategies that are robustriatiems the surrounding environment they are impractical for grasp
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 irdion 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 agdr  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 grasnvironment. Because we allow contact with the environment
properties, challenges still remain in real-world mangigin 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 alucisimilar behavior in human grasping of small objects (sedi@ec
role in achieving more robust grasps: dealing with positign [IIJ. 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 gii@s
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 anthropomorptsurfaces: (1Compliant Finger Placemerior bringing all ngers
hand, including a pen, screwdriver, cellphone, and hamnoen f safely in contact with the support surface, ()mpliant Object
their natural poses on a support surface, e.g., a table 8 (&raspingfor maintaining the contact between the ngertips and
Fig[d). Note that existing techniques for grasping larggiects the support surface during the nger closure, and@@mpliant



' 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 ipgert

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 f@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 figeat
grasps are not considered resulting in an unstable grayp, g@rtain contact points, enveloping grasps are formed bppng
releasing the object fails since the planner does not atdoun the ngers and the palm around the object. Theoretical a@igly
collision between the ngers 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 wher
to the most recent related developments in the area, butsee e object is _Iylng down on a supporting surfgce, e.g., grajat_)
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 ngers need to come in full contact with the support scefa

We believe uncertainty is the key challenge for graspinglism&nd then slip undemeath the object while the hand is pushed
objects because of limitations in perception and calibrati 90Wnwards to maintain the proximity to the support surface.
Many techniques attempt to handle uncertainty by exp}icitIPrOpe_r control (_)f the hand to achleve_suph motion without
modeling the contact between the ngers and the object (e_lﬁleaklng or stalling the ngers is the motivation for our \Wor
[14]). In practice, for small objects such precise modeliag
very dif cult.

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. PEkitial. [15] devised null uncertainty and move ngers into positions during grasping
space grasp controllers to achidvietionless equilibriumgrasp small objects from support surfaces.
con gurations by displacing the ngers over the object ané We present results from a typical human experiment trial in
and aiming to regulate contact force/moments error redoa 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 geometrdarefully measure both location and duration of contactdewh
grasping strategies (see [2]) either neglect or try to acoittact 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, pdatiju extensive contact with the iPad surface while grasping the
for small objects. In contrast, we argue that reliable grabp marker, in contrast with the classical grasping technigoks
small object must consider contacts with support surfa®es. precise placement of ngers 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 ngertip trajectsrie

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 aagpg which they were asked to grab a marker located at a prede ned
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 demibason. center of the gure shows the highest density of contactstdue
The learned policy is then augmented with a force/torqudero subjects dragging their ngers towards the center of theecobj
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 ove2 to 4 centimeters prior to grasping
similar to ours. The force/torque prole is learned througlthe marker. These early results appear to validate ourtiioui

Ill. PARALLEL WITH HUMAN GRASPING
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Fig. 5: A grasping task decomposed into four distinct steps

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]. Dabjant

65 velocities to track a given hand velociky, determined based
4 5 6 h 8 9 L . . .
c on the task primitive, are calculated using Liegeois' resdl
(a) Left: ngertip trajectories, right: examples of robot motion rate control approach as: [10]

and human grasps

Q=J"xg+ (I I"J)r H(q); )

whereJ is the robot Jacobian with its pseudo-inverse denoted
J*, is a gain value, andd (q) is a null-space cost/utility
function. Different criteria can be used to de k&(q) 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

R N *oem? 0 ? feedback|[13] to track the desired joint velocities [ih (1),
(b) 2-D histogram of ngertip trajectories
Fig. 4: Experiments studying human grasping strategies =M(@)ga+ C(q;a) + g(a) + Kga(dg @) (2)

for developing the simple contact-rich primitives in thionk, Where M(q) is the inertia matrix,C(q;q) is the Corio-

A formal analysis of human grasping activities is the subfgic iS/centrifugal vectorg(q) is the gravity vectorK q4 is a gain
our current research. matrix, and is the joints torque vector. The desired joint

acceleratiorgq is obtained by differentiatingy.
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

The compliant motion primitives presented in this work usl response to contact forces.

two sensing modalities: (1) a 3-axis force/torque sensai-po 2) Position-based Control of FingersThe ngers are con-
tioned at the wrist between the manipulator arm and the haftp!led along their pre-de ned trajectories using a pasitbased
and (2) strain gauges between the proximal and distal nggtethod. The trajectory is de ned as a sequence of waypoints
segments. Moreover, the proposed primitives assume kdgele Pased on the given task primitives. This controller is used t
of ngertip positions from forward kinematics. Force feeutx COOrdinate the position of ngers along their desired trageies
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 useszté¢otd
when ngers 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 nger strain gauges hard to calibragientially executed steps as illustrated in [Hig.5. Compliant
and very noisy, so we only used them as a binary sensorl@nding ngers are placed in a pre-de ned grasp pre-shape and
detect individual nger contacts. At the same time, the 8axthe hand is maneuvered downward until all ngers fully rest o
force/torque was noisy enough that looking at the directbn the support surface, (Zyompliant Graspingforce feedback is
the force vector was impractical to determine which ngedhaused to maintain a desired contact force at the ngertipsavhi
made contact, especially in the presence of kinematic riraglelthe ngers joints are synchronously closed to capture theap
errors. Other sensory hardware can be used as long as the ajd)/Lift and Transportation the object is lifted away from the
feedback is provided. For example, tactile sensors at tger surface and carried to the destination, (@gmpliant Release

can be used to detect the nger 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 sfudies

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



Algorithm 1: Force Compliant Finger Landing

1 begin
Record the current nger strain§; ;
Set the nger contact ags to zerd; 0;
repeat
Get the current nger strainss;;
Get the current wrist forces;;
Update the ngers contact agsCi based on strains;
Determine the control point and axis, and the control point
velocity screw™® xq;
9 Compute the desired hand velocity screw, Apply the
hand velocityxq4 to joints using EQR;
10| until Cij== 1fori=1;2;3;
11 end

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

Y

rotation is performed around a slightly different controles,

A. Force Compliant Fingers Landing causing the contacting ngers to either lose contact with th

) ) o _surface or apply signi cant force onto the surface. The ferm
Landing begins by positioning the palm at a safe hovering,ys 1o failure, and the latter endangers the ngers.

distance above the surface, in the direction of the plar@'mal. We rely on force compliance to avoid these risks. We move

We assume that the location of the support surface and iteaiorthe hand in compliance with the forces exerted onto the Bger

are roughly known from perception. which ensures a proper contact between the ngertips and the

We achieve safe nger landing by controlling the hand 05, iface. The compliant motion introduces a linear velooitjy

wards the support surface using a compliant controller. ‘$£E_Lb_t the control point and along the palm's normal, in respdnse
a velocity-based controller (E@] 2) to generate the compligsyrces measured at the wrist.

motions. This contrqller brings_ all ngers to contact withet " The desired force to servo the hand is calculated as
support surface, while preserving them from damage. Landin

is achieved as soon as all ngertips establish contact with Fa= F(t) F, Fyg (3)
the surface. Because the ngers do not necessarily contact

the surface simultaneously, we continuously update theosetvhereF(t) is the current force seen at the wrist, denotes the
control point and axis to correct the hand's motion. Thiscess reference force recordeal priori before the ngers touch the
terminates when landing is achieved (i.e., all ngers are jpurface. The parametét; is an attractive force value used to
contact with the support surface). Figlite 6 illustrates gen €nsure downward motion of the hand (along its palm normal)
landing sequence. Our landing strategy can be adapted mﬂupwhen none of the ngers is in contact with the support surface
various grasp pre-shapes. i.e. whenF(t) F;.

Our approach relies on feedback from the nger strain gaugesFinally, the linear velocity at the control point is given as
to determine whether a nger is in touch with the supportVa = Krp Fa whereKy, is a positive gain. In practice we
surface. It sets contact ag€; for ngersi = 1;2;3. These Observed that passinfq through a deadband lter helps to
contact ags are updated in real-time during landing, anel aflecrease the oscillation effect when approaches zero.
used to compute the axis around which the hand needs to bdhe velocity screw at the control poifftxy is composed of a
rotated. The control axes are prede ned based on the safectinear force compliant componefitvy and an angular velocity
of control points at the ngertips and their location withspect ! ¢ around the corresponding control axis as explained above,
to the hand's (or the end-effector's) frame. We choose thmgrob i-€., ®xq = [®v ;! 4T]". The control point velocity screw
points at the ngertips, i.e.CP 100, CP o1 Or CP o1, as ®Px 4 is transformed to the corresponding hand velocity scigw
shown in Fid¥. For a single nger contact, the control axi§iven kinematics of the ngers and the current position afitcol
passes through the ngertip and is de ned parallel with theoint. Finally, the hand velocity screw is then applied gsihe
line passing through the other two ngertips. When two nger§0mputed torque method &gl (2). Algoritlih 1 summarizes the
contact the surface, the mid-point between ngertips dsiee Proposed landing strategy.
control point, i.e.,CP 119, CP 101 or CP 11, and the control
axis is speci ed by the two control points at the ngertipsh&
landing primitives continuously observe the contact staithe Our compliant grasping strategy begins with the assumption
ngers and calculate the appropriate control axis aroundcvh that all ngertips are in contact with the support surface.
an angular velocityP! 4 (with a constant magnitude) is appliedThis strategy consists of two closed-loop controllers that
to land the non-touching ngers (see Algorithfd. 1). independently and in parallel (see Algoritifiin 2). The rshwes

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

B. Force Compliant Grasping



1 1 Algorithm 2: Force Compliant Grasping

1
1 begin
- - - - » @ 2 | Record the current wrist forceb, ;
3 | Start ngers trajectory tracking by sending the rst waypoints
Fig. 8: Force compliant grasping primitive: the hand is colfeed to ngers controller;

repeat

Get the current wrist forces;;
6 Compute the desired hand velocity using Ed.%;
7 Apply the hand velocityxy to joints using EQR;
8 if all ngers reached their waypointthen
9

second is a position-based controller that moves the ngkmsg | Send the next ngers waypoint positions;
their pre-de ned trajectories (see Section IV-B). ii unetirlldall ngers reached their desired nal positions

The velocity-based operational space controller is sintta |, onq '
(@), which is described in the previous section. This cdigro
generates the compliant motion of the hand in response tegor
exerted by the support surface to the ngertips. The goahaf t 7 % +
controller is to maintain contact between the ngers tipd #me 1
support surface, while closing the ngers towards the dekir
object-caging con guration (see Figl 8)

The compliant motion applied to the hand is composed of
only a linear motion calculated at the hand frame as

in compliance with contact forces exerted from the support
surface to the ngertips while the ngers follow their preeched
trajectory to reach the object.

Fig. 9: Force compliant release/placement primitive

Va = Kgp Fy (4) release/placement primitive is inspired by human rele&dls s

where Fq is de ned in (3). The hand velocity screw is thenand utilizes the same methodology we employed to develop the

given asxg = [vg;OT]T which is applied to the joints using compliant_grasping_ primitive. The main idea is to servo oaint
: the hand in compliance to forces exerted on the ngers as the
the computed torque ifl(2). th o rel the obiect Fig.0
While the ngers move along their prede ned trajectoriesy ou ?\/ open OtLe ehased e_t?] tjﬁc (tf'eet i9.9). d) is located ab
compliant velocity controller responds to forces that ame tb ssuming the hand (wi € object .graspe.) IS located above
the support surface, the release primitive begins by segvthie

the ngers' contact with the support surface. These forces dd d until tact with th ‘ is detected Vi
measured at the wrist. The ngers' positions are coordidat and downward untii contact wi € surlace 1S detected via

to ensure proper caging of the object, without missing it. T%ontinuous thresholdi'ng of the force seen at the vyrigt. ileIy
coordinate the ngers' positions, as soon as all ngers tea on the contact as a signal to stop the hand motion is inspiyed b

their waypoints, new waypoints are provided to the positio uman relea_se strategy and has been used previously tertrigg

based controller (our second controller). Due to unevenams, releasing objects (e.gL._[16]).

some ngers may be lagging behind. This coordination sgyate. Once pontact between the hand/ N9ers and the support _snrfac

is key for successful grasping of small objects. is established, we proceed by opening the ngers while cgmpl
Our compliant grasping strategy can be used for performif tly servo-controlling the hand from the support surfadgs

both pinching and enveloping grasps. In a pinching grasp, t accrjuevedr ?Iy r:u:wmng two ﬁ?rncl:lurrrtint conr::rcl)llg]rs: ha r\ﬁioc'nd
object is restrained by the ngertips only. We achieve thi ased operational space controfier 1o control tn€ hand, &

. . . ition-based controller to open the ngers along theie-pr
behavior by stopping the ngers as soon as contact with tRe>" ) ;
y stopping 9 (féned trajectories. The proposed strategy follows the esam

object is detected via strain feedback. The envelopingpgra . ) : . . :
continues after pinching the object. It applies additicimatjue sch%me. p(rje?ent::d |nhAIﬁquthB| 2| V;"tg agm'forF dt|fferance n
to the ngers while pushing hand downward, which in practic&he esired forceq which Is calcuated asq = (t) T
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 ngers to fully capture the objecf ; contact between the hand/ ngers 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 effecisene
grasp is as important as the ability to grasp and lift it, ijpatarly — of the proposed grasping primitives we have performed aiten
for tasks such as stacking objects, assembly, or exchangaxperiments 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- nger dexterous hand BH-280, and an integgta
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. Ovevah,
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 maboutl 2 centimeters and 10 degrees error in position
challenging due to the inevitable, extensive contact betwbe and orientation, respectively. In Sectibn TV-A we descdilibe
ngers and support surface during the release. The proposethimum 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 in y wa
to restrict the plane speci ed by the ngertips parallel toet
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 prede ned pre-
shape weakly dependent on object geometry. Based on our
empirical observations and given the exibility of our praged
grasping approach, one could choose the same grasp pre-shap (d) F3 touching (e) Rotating (f) F1 touching
for objects with similar geometries. For example, for aljealts
with cylindrical shape (e.g., pen, screwdriver, hammepepi
etc.) we used a cup-like grasp pre-shape (as shown in Fig.1).
In fact, we have observed that the cup-like pre-shape works
remarkably well for grasping many of the small objects weduse
in our experiments. This also highly conforms with our arstat
human behavior observations. The width of the nger opening
to form the cup pre-shape can be chosen arbitrarily wideras lo
as it satis es the localization accuracy of the perceptigstesm
to make sure that the object can be caged.

We present the experimental results and our empirical ob-
servations in three categories: ngers placement/landivig
ject grasping, and object release/placement experimests a
follows. A video of the grasp sequence is available online
at http://youtu.be/gxaXCYY87Z20.

(a) Descending(b) F» touching (c) Rotating
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A. Fingers Landing Experiments

linear
o

An example of nger landing/placement experiment for grasp
ing a hammer from a table top is shown in Fig.10. Initially
the hand is at its launch pose centered above the hammer, see
Fig.10(a). As it is seen the ngertips plane (or the hand pakn
not parallel to the table due to misalignment of the hand edus
by uncertainties combined in perception and the robot katem
ics. Clearly approaching the hammer along this orientatiiih
not place all ngers in contact with the support surface (see time [sec.]

Fig.10(b)), and hence will not yield a stable and robust gifs _. 10: A tvoical liant landi iment: th
executed. To x the hand orientation and ensure all ngers alF'g' : ypical compliant ngers fanding expenment. the

in contact with the support surface, the proposed nger igd ngers (current and expect_ed) touch states are continyousl _
approach servo controls the hand around appropriate d¢ante updated based on the strain gauges feedbacks as the hand is
(as described in Section V-A) based on the current ngerhlout?‘ervo controlled to land the ngers.

states determined from the nger strain feedbacks. For gk@m Due to kinematic errors in calculating the control axis axtr

in this experiment, the hand is initially servo controllédreg the force might be exerted to a nger as the hand rotates to land
normal to the ngertips plane (Fig.10(a)) until the toucheeen other ngers. For example, the strain in nge¥, increases
nger F, and the support surface is detected (Fig.10(b)). Tlewen after its rst contact with the support surface as shown
strain threshold to identify the touch B0 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 ngerF, (Fig.10(c)) until nger F3 reaches the supportbeing applied to the ngers by moving the hand away from the
surface. Finally, the hand rotates around the control seiwéen surface to decrease the strain on ngers and avoid damaging
ngers F, andF3 until nger F; contacts the surface. them.

The plots in Fig.10 show the ngers' current contact status The proposed landing primitive can be used for landing sger
and the ngers which are expected to contact the table nextfedam different pre-shapes. For example, Fig.11 shows tandi
each instant of time. The ngers strain values along with thexperiments two different grasp pre-shapes. For everypgngs
hand linear (along the normal of ngertips plane) and angulaxperiment nger landing is rst executed to ensure contact
velocities during the whole landing process are also showretween all the ngers and the supporting surface. This is a

Hand velocity

angular
o




@ (b) © (d)

stuck
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Fig. 11: Compliant ngers landing/placement experimemtsrf
different hand pre-shapes

Fingers status

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 nd
applications in other robotic manipulation tasks to placgers

on the surface of objects in a compliant scheme.

m T T
N

reached waypoint

B. Object Grasping Experiments

Each grasping experiment starts off with all the ngers ini-
tially in contact with the supporting surface. This is ermsur
using the nger landing strategy presented above. Figure 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 ngers being stuck or reached their waypoints,ersy
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 ngers close along their trajectories. For exampl
between seconds 6 to 8 all the ngers have reached the body of
the pipe (Fig.12(c)) 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 ngers pushes
the hand upward while lifting the pipe and managing to fully
cage it. The compliant motion of the hand plays a crucial role
to prevent damage to the ngers. For example, there are other
instances (abgut seco.nds 2 and 4) where the ngers are stgﬁlfg_ 12: Force compliant grasping of a pipe from a table top
but the compliant motion prevents the robot to exert exeessi
pressure to the ngertips. Many of the state of the art gragpi
techniques either try to avoid the contact between the rahdt
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 coordinagion bas been successfully applied to release objects from both
tween the ngers and the hand movement plays a crucial roleénveloping as well as precision ( ngertip) grasps. Due tacsp
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 sustay 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 13 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 ngertips 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 ngertips and the support surface and coordinating mmga- and replace objects on the support surface without damaleng
jectories, behaviors which are fully integrated into oumgdiant  ngers.
grasping approach. Moreover, to compensate for uncedaiimt We conducted a series of grasp repeatability experiments on
placing the ngertips on the support surface, the nger lemgd 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

o

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 nger closure, and@mpliant
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 lotliza
uncertainties and highlights the benets of compliant, teah
driven control strategies for grasping tasks.
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