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The GR2 Gripper: An Underactuated Hand for Open-Loop In-Hand
Planar Manipulation

Nicolas Rojas, Raymond R. Ma, and Aaron M. Dollar

Abstract—Performing dexterous manipulation of unknown objects with
robot grippers without using high-fidelity contact sensors, active/sliding
surfaces, or a priori workspace exploration is still an open problem in robot
manipulation and a necessity for many robotics applications. In this pa-
per we present a two-fingered gripper topology that enables an enhanced
predefined in-hand manipulation primitive controlled without knowing the
size, shape, or other particulars of the grasped object. The in-hand manip-
ulation behavior, namely, the planar manipulation of the grasped body, is
predefined thanks to a simple hybrid low-level control scheme and has an
increased range of motion due to the introduction of an elastic pivot joint
between the two fingers. Experimental results with a prototype clearly show
the advantages and benefits of the proposed concept. Given the generality
of the topology and in-hand manipulation principle, researchers and de-
signers working on multiple areas of robotics can benefit from the findings.

Index Terms—Dexterous hands, gripper design, in-hand manipulation,
robot grippers.

1. INTRODUCTION

While single-degree-of-freedom (1-DOF) two-finger robot
grippers, due to their mechanical simplicity, reliability, low cost,
and force capabilities, are prevalent in industrial and research
settings, they can be limited outside of pick-and-place opera-
tions. The alignment of parts before assembly processes (e.g.,
a peg-in-hole alignment task) exemplifies the type of limita-
tions of these minimalist grippers. Although general-purpose
and redundant robot arms, additional mechanisms like pas-
sive wrists with remote-center-of-compliance [1], or motion-
planning strategies such as regrasping [2] can be used to
perform alignment operations, these solutions present their own
significant limitations and challenges. For instance, space con-
straints in the environment or joint limits in the arm configu-
ration space may not allow for certain motion trajectories or
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the addition of supplementary mechanisms. This certainly can
be worse in unstructured environments, where the obstacles are
mostly unknown and functional shortcomings can occur [3].

In order to mitigate these inconveniences, it can be more ad-
vantageous, efficient, and general to augment the capabilities of
the gripper in such a way that the system can independently ad-
just for expected misalignments by reorienting the object once
it is grasped. This reorientation of the gripped object is an ex-
ample of in-hand (or within-hand) prehensile manipulation [4].
In this type of dexterous task, the object is moved within the
gripper workspace while the fingers maintain a stable grasp on
the object. If the grasped object is repositioned and changes the
contacts, the manipulation is called in-hand manipulation with
motion at contact; otherwise, it is referred to as precision manip-
ulation. In any case, in-hand manipulation operations increase
the variety of tasks that a robotic system can complete.

Researchers have extended basic grippers in various ways to
enhance their in-hand manipulation capabilities. For instance,
Bicchi and Marigo [5] attached actuated turntables to a parallel-
finger gripper and Tincanci et al. [6] similarly implemented
conveyor-belt surfaces in place of finger pads on a gripper with
revolute—revolute serial fingers. Both cases could use these ac-
tive surfaces to reorient the object while independently main-
taining a stable grasp. Designed explicitly for use in industrial
assembly tasks and known objects, a jaw-like gripper with slid-
ing finger surfaces was introduced by Chen et al. [7]. This
additional functionality also served to increase the grasp stabil-
ity and acquisition range. Other similar approaches have also
been proposed [8]. Alternatively, underactuation and mechani-
cal intelligence have been leveraged to enable multiple adaptive
grasping modes with simple gripping mechanisms [9], [10]. This
approach enhances gripper capability with minimal additional
overhead in mechanical complexity.

Robot grippers with two fingers can be kinematically classi-
fied, according to the pair elements used in their construction, as
linkage type, gear-and-rack type, cam-actuated type, screw type,
rope-and-pulley type, or some combination [11]. In the case of
linkage-based grippers, Belfiore and Pennestri presented an at-
las of 64 possible topologies that use 1-DOF linkages of up to
six links as fingers [12]. From all these options, one of the most
popular gripper topologies used in all type of robotics applica-
tions is in which each finger is a four-bar linkage that, in most
practical implementations, corresponds to a parallelogram. Fig.
1 shows a generic instance of this traditional two-finger robot
gripper, a mechanism that has been historically employed only
for fixturing operations.

In recent years, it has been shown that, by using adaptive
mechanical systems, two-finger grippers with revolute-revolute
serial fingers can be modified to perform repeatable and robust
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Fig. 1. Traditional two-finger robot gripper with four-bar-linkage fingers.
This simple topology is one of the most popular used in all types of robotics
applications.

dexterous manipulation operations, such as the flip-and-pinch
task, without using contact sensors or active/sliding surfaces
[13]. In this paper, we introduce a further twist to this design
approach by showing that a simple modification in the topology
of the traditional two-finger robot gripper allows an enhanced
predefined in-hand manipulation behavior that can be easily
controlled without knowing the size or shape of the object a
priori. Furthermore, this can be implemented open loop, which
is without feedback control, while still being robust to the size or
shape of the object. We call this concept the grasp—reposition—
reorient (GR2) gripper.

The rest of this paper is organized as follows. Section II dis-
cusses the theoretical possibilities and limitations of perform-
ing in-hand manipulation operations with traditional two-finger
grippers. Section III introduces the GR2 gripper concept for
the enhanced in-hand manipulation of unknown objects and
describes its novel topology, low-level control scheme, and op-
eration. Section IV presents a prototype of the proposed gripper
along with results of in-hand manipulation experiments; a video
extension that demonstrates its capabilities is also provided.
Finally, we conclude in Section V with a summary of the main
contributions and prospects for future research.

II. BEYOND GRASPING WITH TRADITIONAL
TwO-FINGER ROBOT GRIPPERS

From the viewpoint of its structural characteristics, the ar-
rangement of a gripper based on two four-bar linkages can
be classified as a link-fractionated kinematic chain of mobil-
ity two, in which the quaternary link associated with the base
is denoted as the link of separation (see Fig. 1, dotted lines).
Usually, such a fractionated linkage is controlled by a sin-
gle actuator by coupling the input joints of each finger, say
0, and 6. In any case, this type of gripper layout has been
widely used solely for grasping operations, without considering
any feasible capacity for dexterity. Dexterous tasks have been
principally related in the literature to multifinger hands with
articulated multi-DOF fingers. Although limited by their topol-
ogy, simple gripping mechanisms can still generate in-hand
reorientation and repositioning of the grasped object by prop-
erly controlling their input joints.

Fig. 2(top) depicts a traditional two-finger robot gripper
grasping an object. The manipulation capabilities of this basic
gripping mechanism are analyzed by assuming that the contacts
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Fig.2. Hand-object system associated with a traditional two-finger robot grip-
per when manipulating an object (top) can be kinematically modeled, assuming
point contact with friction, as a 1-DOF Innocenti linkage (bottom).

between the object and the distal links reduce to single points,
say C and Cs, explicitly, by assuming classical point contacts
with friction. It is widely known that the kinematic equivalent
of this contact model is a spherical pair [14]. Since the intersec-
tion of two spherical displacements generates a rotation about
the axis defined by their centers, in our case the contact points
C' and Oy, results show that this rotation of the grasped object
cannot be directly controlled by the gripper actuators. In conse-
quence, according to the notation of Fig. 2(top), we can assume a
contact model of point contact with friction of one DOF whose
kinematic equivalent is a revolute pair in the direction of the
y-axis.

The above analysis allows for structurally modeling the hand-
object system of a traditional two-finger robot gripper grasp-
ing an object as the eight-link 1-DOF linkage depicted in
Fig. 2(bottom). This virtual linkage results from connecting
the two four-bar linkages formed by contact points C; and C,
and the links of each finger through a binary link that represents
the grasped object.

The introduced eight-link planar linkage corresponds to one
of the 16 feasible topologies for eight-link nonfractionated link-
ages of mobility. This particular topology is in fact one of the
more complex of its kind, being one of the four 1-DOF kine-
matic chains of up to eight links whose configuration space em-
beds in a 2-D distance space [15]. To facilitate our discussion,
we call such an eight-link planar kinematic chain the 1-DOF
Innocenti linkage, in honor of C. Innocenti, who initially ana-
Iytically determined the intersections of the motion generated
by two distinct four-bar linkages.

Any point attached to a planar linkage of mobility one gener-
ates a planar algebraic curve. In the case of the 1-DOF Innocenti
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Fig. 3. Simulation of precision manipulations with a traditional two-finger
robot gripper based on the structural model of the hand—object system as a 1-
DOF Innocenti linkage. The sextic curve of each finger is depicted in the figures
and the cyan (light) points correspond to the path traced by the center point of
the line segment defined by the contacts. The initial and final configurations are
depicted as overlapped in the right side of each inset in grayscale and full color
(digital version), respectively.

linkage, for the kinematic inversion in which the ground link is
the quaternary link, a point attached to the binary link connect-
ing the two four-bar linkages traces a curve that is generally of
degree 54. In comparison, a point attached to the output link of a
single four-bar linkage traces a curve of degree 6. This analysis
implies that an object grasped by the distal links of a traditional
two-finger robot gripper may be manipulated following a plane
curve that depends on the object’s size.

Fig. 3 presents some simulation steps of a traditional
two-finger robot gripper performing a precision manipulation
of two grasped objects—represented by rhomboid shapes—
based on the model of the hand—object system as a 1-DOF
Innocenti linkage. The sextic curve of each finger is depicted in
the figures and the cyan (light) points trace the path followed
by the center point of the line segment defined by the contact
points. The initial and final configurations are depicted as over-
lapped in the right side of each inset in grayscale and full color
(digital version), respectively. These simulations can be carried
out following, for instance, the procedure for tracing coupler
curves of complex pin-jointed linkages described in [15]. These
simple examples illustrate the reorientation of grasped objects
with traditional two-finger robot grippers, both clockwise and
counterclockwise.
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Fig. 4. Generic instance of the GR2 gripper concept for the in-hand manip-
ulation of unknown objects with two-finger robot grippers without using high-
fidelity contact sensors or numerical control algorithms. The system, which is
based on a novel modification of the topology of the traditional design, preserves
the standard grasping operation.

Following kinematic structural arguments, the theoretical
movements of in-hand manipulation that can be achieved with
traditional two-finger robot grippers have been characterized
and a 1-DOF Innocenti linkage model of the hand—object sys-
tem has been proposed. Note that this characterization indeed
applies to cases with motion at contact, resulting from rolling or
slipping motions, because the system can be modeled as a dif-
ferent 1-DOF Innocenti linkage at each instant. In any case, the
feasible range of reorientation of a traditional two-finger robot
gripper uniquely depends on the object’s size and the location of
the contacts, since the dimensions of the base and proximal links
cannot be changed. Consequently, any possibility of improving
the range of motion of the grasped object comes from the un-
predicted reconfigurations in the hand—object system given by
changes in the contact points as a result of slippage and rolling.

III. GR2 GRIPPER CONCEPT FOR IN-HAND MANIPULATION
OF UNKNOWN OBJECTS

In this study we introduce the GR2 gripper concept: a two-
finger gripper that can perform in-hand manipulation of a varied
range of objects without high-fidelity contact sensors or numer-
ical control algorithms. A GR2 gripper is based on a simple
modification in the topology of the traditional two-finger robot
gripper. This characteristic makes a GR2 gripper a general as-
sembly gripper [16], a gripping mechanism that can be used for
traditional pick and place operations as well as for the alignment
of parts before assembly tasks. Fig. 4 presents a generic instance
of a GR2 gripper; next, we discuss its features.

A. Topology

In a GR2 gripper, shown in Fig. 4, the traditional fixed-
geometry base of two-finger robot grippers is transformed into
a quaternary link of variable geometry using two ternary links
connected through a pivot joint. One of the ternary links corre-
sponds to the grounded base of the gripper. The second ternary
link, called the central triangular pivot, rotates around the pivot
joint. The remaining revolute joints of the central triangular
pivot are connected to the base through tension springs. There
are two inputs in the system, say #; and 6, one per each finger.

The overall linkage design of a GR2 gripper is similar to some
gripping mechanisms that have been proposed [17] and are com-
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Fig. 5.

In the approaching phase to grasp an object, a GR2 gripper behaves as a traditional two-finger gripper (left); once the object is grasped, the input angles

61 and 6y are fixed and the hand-object system constitutes a closed mechanism. In this kinematic chain, a 7/B; Baranov truss, formed by the revolute joint

centers P3, ..

., P11, can be identified, and the rigidness of the grasp is geometrically guaranteed regardless of the condition of the tension springs (center). During

in-hand manipulation tasks, the closed kinematic chain of the hand—object system corresponds to a 1-DOF Innocenti linkage with a quaternary link that passively
modifies its geometry. Under the low-level control scheme of a GR2 gripper, this change of dimensions results from the tendency of the central triangular pivot to

rotate toward the pushing direction (right). See text for details.

mercially available [9]; however, there are fundamental differ-
ences that make a GR2 gripper completely novel and different
from those designs. For instance, other designs independently
incorporate elastic elements in each finger for performing adap-
tive grasping operations. Explicitly, each finger corresponds to a
five-bar linkage with two concentric revolute joints and another
revolute joint preloaded with a spring that allows an enveloping
grasp once an object contacts the proximal phalanx. In contrast,
in the GR2 gripper topology, the elastic elements of the fingers
are coupled through a pivot joint in order to improve the in-hand
manipulation behavior of traditional two-finger robot grippers
by passively changing the configuration of the base link after the
initial grasp is achieved. Moreover, the introduction of the cou-
pled springs does not affect the standard grasping operation of
the gripper. To the authors’ knowledge, this is the first time that
the suggested structural topology for two-finger robot grippers
has been proposed.

B. Low-Level Control Scheme

Control of two-finger robot grippers is generally accom-
plished via position control or force control, depending on the
user requirements. Both fingers are commonly coupled and con-
trolled using the same scheme. For in-hand manipulation, the
GR2 gripper utilizes two actuators, one for each finger. Separate
low-level control schemes can be implemented per finger.

In traditional two-finger robot grippers, maintaining stable
grasping constraints on the object during in-hand manipulation
requires the use of high-fidelity contact sensors and numerical
algorithms to coordinate the fingers’ motions relative to the ob-
ject, thus limiting the practicability of such dexterous capability.
In a GR2 gripper, a simple low-level position-torque switching
control in each finger is implemented to avoid this disadvan-
tage. During in-hand manipulation tasks, there is a pushing
finger controlled via position control and an opposing finger
controlled via torque control, so the constraint of the virtual bi-
nary link associated with the grasped object can be maintained
without a coordination of the fingers’ motion. The pushing fin-
ger directs the object motion, while the opposing finger serves
primarily to maintain the contact constraints.

C. Grasping and In-Hand Manipulation With a GR2 gripper

Although the central triangular pivot in a GR2 gripper
converts the fingers into five-bar linkages, making them
underactuated in the classical kinematic sense by preloading
the pivot with elastic members, we ensure that each finger con-
verges to a minimal energy configuration from a single input.
Hence, prior to contact with an object, the fingers of a GR2 grip-
per behave as independent four-bar linkages. In fact, as long as
the actuation torques of the fingers are similar, the central tri-
angular pivot tends to maintain its configuration, since there
are no other factors affecting the equilibrium position. In this
stage, a GR2 gripper acts as a standard gripper [see Fig. 5(left)].
Once the object is grasped, the input angles ¢, and 65 are fixed
and the hand—object systems constitute a closed mechanism. By
following arguments similar to those used for the manipulation
analysis of the traditional two-finger robot gripper, in this closed
kinematic chain the seven-link linkage depicted in Fig. 5(cen-
ter), formed by the revolute joint centers P, ..., P, can be
identified. This kinematic chain indeed has mobility zero and
corresponds to a 7/B; Baranov truss [18]. As a consequence,
the rigidness of the grasp is geometrically guaranteed regardless
of the condition of the tension springs.

When a reorientation of the grasped object is performed (i.e.,
in-hand manipulation functionality), the closed kinematic chain
of the hand—object system corresponds to a 1-DOF Innocenti
linkage with a quaternary link that passively changes its geome-
try [see Fig. 5(right)]. Then, under the hybrid low-level control
scheme, once the position-controlled pushing finger is moved to
a new position, its revolute joint on the central triangular pivot
tends to move in the direction of motion and an external push-
ing force is applied at the distal link of the compliant opposing
finger with resultant forces acting along the lines defined by
the proximal links. In consequence, as the tension spring of the
opposing finger exerts a restoring elastic force, the central tri-
angular pivot tends to rotate toward the pushing direction, thus
changing the dimension of the quaternary link and modifying
the geometry of the fingers.

In a GR2 gripper, the tension springs of the central triangular
pivot directly affect the ability of the system to reconfigure the
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Fig. 6.  Simulation of precision manipulations with a GR2 gripper based on the
structural model of the hand—object system as a 1-DOF Innocenti linkage with a
quaternary link of variable geometry. The sextic curve of each finger is depicted
in the figures and the cyan (light) points correspond to the path traced by the
center point of the line segment defined by the contacts. The final configuration
of the traditional two-finger gripper (see Fig. 3) and that of the GR2 gripper are
depicted as overlapped in the right side of each inset in grayscale and full color
(digital version), respectively.

size of the quaternary link that constitutes the gripper’s base.
If these springs are infinitely stiff, the base link of the 1-DOF
Innocenti linkage cannot be reconfigured and the mechanism
behaves as a traditional two-finger robot gripper. In the absence
of the tension springs, the geometry of the quaternary link is
undetermined, since the central pivot is free to move. As rule of
thumb, the tension springs should be selected with the minimum
stiffness that allows the central pivot to overcome the friction in
the revolute joints and return to its rest position.

Fig. 6 shows some simulation steps of a GR2 gripper per-
forming a precision manipulation of two grasped objects—
represented by rhomboid shapes—based on the model of the
hand—object system as a 1-DOF Innocenti linkage with a qua-
ternary link of variable geometry. The objects and initial config-
urations are the same as those used for the case of the traditional
two-finger robot gripper (see Fig. 3). The simulation is kine-
matic and assumes that the length change on the tension spring
of the pushing finger is equivalent to the rate change of the
input angle. In the figures it can be observed how the sextic
curve of each finger is modified during the manipulation with
the cyan (light) points corresponding to the path traced by the
center point of the line segment defined by the contact points.
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Fig. 7. Design overview of the GR2 gripper constructed to evaluate the pro-
posed theoretical design; the dimensions of this example are comparable to
commercially available two-finger robot grippers.

The final configuration of the traditional two-finger gripper (see
Fig. 3) and that of the GR2 gripper are depicted as overlapped
in the right side of each inset in grayscale and full color (digital
version), respectively. With these examples, we illustrate the
reorientation of grasped objects with a GR2 gripper, both clock-
wise and counterclockwise, and how the passive reconfiguration
of the system can help to improve the range of reorientation
achieved. Nonetheless, given the assumptions of the simulation
and the overall in-hand manipulation analysis, the real ben-
efits of the GR2 topology certainly remain to be verified by
experimentation.

IV. IN-HAND MANIPULATION PERFORMANCE
A. Prototype Design Overview

A prototype of a GR2 gripper was constructed to evaluate the
proposed theoretical design. An overview of this implementa-
tion can be seen in Fig 7. The actuator base and overall design
parameters were adapted from the Yale OpenHand Project [19],
an open-source design library for underactuated, 3-D-printed
robotic hands. The structural components were 3-D-printed in
ABS on the Stratasys Fortus 250 mc, a commercial desktop
FDM printer. The distal fingertips were made detachable and
modular to allow for testing different contact geometries, and
the compliant pads were integrated into the finger structure via a
multimaterial deposition process [20]. The revolute joints used
press-fit steel dowel pins. The central triangular pivot could be
either locked in place with clip-on linkages or preloaded with
elastic bands for evaluating the performance of the gripper. In the
implemented prototype, off-the-shelf orthodontic elastic bands
were used as the tension springs described in the model (see
Fig. 8).

B. Actuation and Control

Each finger was tendon-driven with a 21-mm pulley diameter
attached to a MX-28 Dynamixel servo, which can produce a
stall torque of 2.5 N-m at 12 V, the standard operating voltage
for servos of this type. The tendons ran across the proximal
joints, each with an effective 9-mm pulley radii, and terminated
at the proximal link. Because the actuation scheme is single-
acting, a torsional return spring was included at the base of each
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Fig. 8. Prototype of the GR2 gripper. In this implementation, the central
triangular pivot could be either locked in place with clip-on linkages or preloaded
with elastic bands. The distal links are detachable and modular.

finger. The holding grip force at the fingertips was measured to
be 8.9 £0.35 N with a 25-1b load cell at a fingertip separation
of 19 mm, and the gripper stroke is O to 103 mm. To prevent
overheating, the servos’ maximum torque output was capped
at 40% of the stall torque, as suggested by the manufacturer.
Using this limit gives us insight into the sustainable operating
capabilities of the gripper, as opposed to just peak performance.

During standard operation, the servos were run in position
control mode, using the Dynamixel’s default on-board pro-
portional integral-derivative controller. Since control of motor
torque is not an operating mode available in these servos, the
torque-control mode was achieved by setting a constant refer-
ence position, usually the maximum encoder position, while
modulating the (software-set) maximum torque limit and ensur-
ing that the encoder position set point was far enough away from
the actual position to guarantee that the torque limit was being
reached. This approach was shown to be sufficient for our pur-
poses of in-hand manipulation; however, in application cases in
which a precise torque control is required, the dynamics of the
fingers should be taken into account and other more sophisti-
cated torque-position transformers should be implemented [21]
or drive systems with onboard torque control should be used.
The authors would like to note that, due to the geared transmis-
sion in the servos used in the prototype, the commanded torque
needs to be less than the desired output torque in practice. In
this implementation of a GR2 gripper, the friction due to the
transmission passively limits the speed of the system, which
consequently helps to maintain grasp stability during in-hand
manipulation.

C. In-Hand Manipulation Test

In order to evaluate the in-hand manipulation performance
of the GR2 gripper concept, the achievable workspace for the
implemented prototype with both locked and unlocked central
triangular pivot was evaluated on the circular and square test
objects of varying diameters shown in Fig 9. The square objects
were also tested such that the finger pads were in contact with the
object corners as opposed to their sides. According to the hybrid
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Fig. 9. Set of printed test objects used to evaluate the in-hand manipulation
performance of the GR2 gripper prototype. The diameter/width varied between
20 and 45 mm. In all cases, the trakSTAR magnetic sensor was affixed to the
object’s center.

low-level control primitive, in the reorientation tests there was
always a pushing finger and a compliant opposing finger. The
pushing finger was driven in position-control mode and its goal
position determined the reorientation direction. Once the object
was grasped, the manipulation started by decreasing the torque
output of the torque-driven opposing finger until the system
went into motion. Once the pushing finger reached the defined
goal position, the system returned the opposing finger back to
position-control mode and locked the pinch grasp.

The test objects were instrumented with an Ascension trak-
STAR sensor at their center to measure the displaced position
and orientation. This 6-DOF magnetic tracking sensor provides
a spatial resolution of 0.5 mm and 0.002 rad. From an initial
pinch grasp, the GR2 gripper was moved to a target goal configu-
ration and then back to the initial pinch grasp. The displacement
was measured with respect to the initial pinch grasp pose in
each move. The object was initialized such that the finger pads
were in contact with the object where the fingertip curvature
began, and the line between these contact points was parallel to
the hand base. Given the slow-speed manipulation of the object,
we assumed negligible effects from dynamics. If the object was
ejected from the grasp during the transition, the data point was
ignored.

In this way, we sampled the entire actuation space of the grip-
per. For each finger evaluated in its pushing state, we increased
the commanded tendon position until the servo could no longer
reach the commanded position due to either the actuator torque
limits or mechanical limitations of the gripper’s geometry. This
methodology was repeated in three trials for each object in both
the unlocked versus locked central pivot configurations. Fig.
10(left) shows the various test cases and shows how the behav-
ior of the central triangular link could differ during manipulation
motions.

D. Results

Fig. 10(right) shows a subset of the achievable workspaces of
the GR2 gripper prototype for a variety of object sizes, measured
across three trials per object. With the central triangular pivot
unlocked and allowed to reconfigure, the gripper could achieve
approximately the same Cartesian workspace for all tested ob-
ject sizes, with objects displaced more along the z-axis in the
locked case. However, with the central pivot locked, correspond-
ing to the traditional design, the two-finger gripper could not
achieve as large a range of reorientation for smaller objects, and

Authorized licensed use limited to: Yale University. Downloaded on May 18,2020 at 23:11:29 UTC from IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON ROBOTICS, VOL. 32, NO. 3, JUNE 2016

Unlocked Pivat

4

Locked Pivol

&

Initial Pose

Circular Ohject

Square Object (sides)

Square Object (comers)

Fig. 10.

769

Circle Square {sides) Square {comers)

25mm

25mm 45mm

35mm

45mm H4mm

| = 0} ™ -0 = Oy — 0| g
E o E - et )
Eald Y ELlF Y B Eals G 24l
ke w3y § W £ A w2l
: H . v
al— 4 4 - -4 -
40 0 40 40 0 40 40 0 40 <0 0 4 400 40 40 0 40
E x (mm) & & {mm) % (men) & {mm) % (men)
E 08 . 05 08y 05y, 05, 051y
Eoly Bof N Eoof v Eof™N Eo v E oo™
= = \ = T = o= = %
0.5 5 0o 5 - 15 b 05
40 0 40 40 0 40 40 0 40 40 0 40 40 0 40 40 0 40
x (mm]) X {mm) X {mm) x (mm}) X {mm) x (mm})
25mm 45mm 25mm A5mm 35mm dmm
—of A _of & T Y Zof 8, o & ]
5 JY 8§ TE g v 8 2 r § i
-2 " = 2§ - =at: * al .} =2 -
= b 3 = = = .o ¥y = oy
7Y N 4 4 e gl
40 0 40 40 0 4 40 0 40 40 0 40 40 0 40 40 0 40
Z * (man) x (o) x(mm) * (man) x {mam) * (mem}
2 s 05 0s s 05 05
., . .
g N 3 5 - 0 B ",
E ool N, E oo B ool ™~ E o of N\ E of ™,
3 S 3 L L N N
H5—— 05 05 05 ns—— 05
40 0 40 40 0 40 40 0 40 40 0 40 40 0 40 40 0 40

x {mm) x (mm} & {mm) x {mem} = {mm) x (mm}

(Left) Different test cases that were evaluated in the in-hand manipulation test. The square object was initially grasped with contact at its sides as well

as its corners. The central triangular link can be locked in place or allowed to pivot. In the latter case, which corresponds to the GR2 gripper, the elastic bands
ensure that the system resolves to a lowest energy configuration during experiments. (Right) Measured workspace for both unlocked and locked designs of the
GR2 gripper prototype for some of the test objects. In general, the achievable orientation workspace is larger when the central triangular link is allowed to pivot.
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Fig 1. Measured improvement of the maximum achievable change in orien-
tation from the initial pinch grasp configuration by using a GR2 gripper with an
unlocked central triangular pivot.

the maximum achievable change in orientation (A#) for each
object was also decreased. This behavior is exemplified in Fig.
10(left), where the GR2 gripper manipulating different objects
with unlocked and locked central pivots and identical actuation
inputs is shown. The asymmetric trajectories in Fig. 10(right)
are a consequence of hysteresis in the real-world system due to
our use of tendon-driven actuation and our implementation of
the simplified open-loop control scheme.

Fig. 11 further details the improvement in the gripper’s re-
orienting capability with the addition of an unlocked central
triangular pivot, in several cases exceeding 0.5 rad (28.6°) from

rest. The multimedia extension of this paper (video) presents
examples of the prototype manipulating test objects with the
central triangular pivot both locked and unlocked.

For test cases involving the square object in which the ini-
tial contact is with the object sides, the contact conditions can
favorably change when the central triangular pivot is unlocked.
Whereas the finger pads maintain contact with the object sides
throughout manipulation in the locked configuration, the con-
tact can shift from the side of the object to one of the cor-
ners when manipulation with the central pivot unlocked. This
behavior leads to a large improvement of the object’s reorienta-
tion, as detailed in Fig. 11. An example of this characteristic can
be seen in Fig. 10(left) as well as in the video extension. For test
cases involving the square object in which the initial contact is
with the object corners, no-slip contact conditions were difficult
to maintain throughout the trials. As a result, the acquired data
were much noisier than with the other test objects, as shown
in Fig 10(right). Moreover, the manipulation trial was termi-
nated earlier whenever the finger pads made contact with the
object sides instead of just the corners because, in these cases,
the object often could not be returned to its initial pinch grasp
configuration as required by our protocol. Note that the same
square objects were used for both side and corner contact cases;
therefore, the effective object size, i.e., the distance between
contact locations, is larger for the latter.

Anecdotally, we also noticed that the actuators drew more
current with a locked central pivot, suggesting that an unlocked
central pivot helped the system maintain a consistent contact
with the object and avoid slippage. In practice, manipulation is
highly dependent on the contact geometry and the point contact
assumption made in the simulations of Figs. 3 and 6 is gener-
ally not the norm for the whole in-hand manipulation motion.
Instead, rolling contacts are much more common, and also more
difficult to maintain, with the flat finger pads used in this im-
plementation of the GR2 gripper. The extra DOF afforded by
the central pivot aids in overcoming the kinematic limitations
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of each individual finger. In the prototype used for these stud-
ies, the minimal number of elastic bands was used, just enough
to ensure that the central pivot could overcome the friction in
the revolute joints and return to its rest position. In this way,
the minimal energy configuration maximizes motion in the cen-
tral pivot and minimizes deformation in the compliant finger
pads or slippage between the object and finger surface. This
consequently makes the system less dependent on the contact
conditions in real-world applications.

V. CONCLUSION

The GR2 gripper concept has been introduced in this study.
The proposed underactuated gripper extends the capabilities of
the traditional two-finger robot gripper by incorporating an en-
hanced predefined in-hand manipulation primitive that can be
easily controlled, without knowing the size or shape of the ob-
ject a priori. The in-hand manipulation behavior, namely, the
planar reorientation of the grasped body, is predefined thanks
to a simple hybrid low-level control scheme and is enhanced
in comparison with the standard gripper, thanks to a simple
novel modification in the topology of the traditional design: the
introduction of an elastic pivot joint between the two fingers. Ex-
periments with a prototype evaluating the in-hand manipulation
performance demonstrate the reorientation behavior, verify the
theoretical analysis of the system, and highlight the advantages
of the improved gripper.

To the authors’ knowledge, the GR2 topology for grasp-
ing and in-hand manipulation is presented and experimentally
proved for the first time in this study. Given the generality of
the concept, researchers and designers working on multiple ar-
eas of robotics can benefit from our findings, including those
working on industrial robotics, prosthetics, teleoperation tasks,
and home and service robots. Future work on the GR2 gripper
concept could focus on topics of design optimization for spe-
cific ranges of reorientation, grip force, gripper stroke, or ma-
nipulation speed, to name a few. Those interested in optimally
designing a GR2 gripper to be effective in a particular domain
can find relevant optimization techniques in [10]. For this in-
vestigation, the authors did not adjust or modify the linkage
lengths shown in Fig. 7. Another interesting area of exploration
is the combination of the GR2 topology with adaptive grasp-
ing techniques for extending the pinch-grasping functionality
to enveloping/encompassing grasps without losing the in-hand
manipulation capability.

(1]
[2

—

(3]

[4

—

[5

—_

(6]

(71

(8]

[9

—

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]

[20]

[21]

IEEE TRANSACTIONS ON ROBOTICS, VOL. 32, NO. 3, JUNE 2016

REFERENCES

P. C. Watson, “Remote center compliance system,” U.S. Patent 4 098 001,
1978.

P. Tournassoud, T. Lozano-Perez, and E. Mazer, “Regrasping,” in Proc.
IEEE Int. Conf. Robot. Automat., 1987, pp. 1924-1928.

R. R. Ma and A. M. Dollar, “On dexterity and dexterous manipulation,”
in Proc. 15th Int. Conf. Adv. Robot, 2011, pp. 1-7.

1. M. Bullock, R. R. Ma, and A. M. Dollar, “A hand-centric classifica-
tion of human and robot dexterous manipulation,” IEEE Trans. Haptics,
vol. 6, no. 2, pp. 129-144, Apr.—Jun. 2013.

A. Bicchi and A. Marigo, “Dexterous grippers: Putting nonholonomy to
work for fine manipulation,” Int. J. Robot. Res., vol. 21, pp. 427442,
2002.

V. Tincani et al., “Implementation and control of the Velvet Fingers: A
dexterous gripper with active surfaces,” in Proc. IEEE Int. Conf. Robot.
Autom., 2013, pp. 2744-2750.

F. Chen et al., “A study on data-driven in-hand twisting process using
a novel dexterous robotic gripper for assembly automation,” in Proc.
IEEE/RSJ Int. Conf. Intell. Robot. Syst., 2014, pp. 4470-4475.

K.S. M. Sahari, H. Seki, Y. Kamiya, and M. Hikizu, “Clothes manipulation
by robot grippers with roller fingertips,” Adv. Robot., vol. 24, pp. 139-158,
2010.

Robotiq, Adaptive Robot Gripper 2-Finger 85, 2014. [Online]. Available:
http://robotiq.com/products/industrial-robot-gripper/

M. Ciocarlie et al., “The Velo gripper: A versatile single-actuator design
for enveloping, parallel and fingertip grasps,” Int. J. Robot. Res., vol. 33,
pp. 753-767,2014.

F. Y. Chen, “Gripping mechanisms for industrial robots: An overview,”
Mech. Mach. Theory, vol. 17, pp. 299-311, 1982.

N. Pio Belfiore and E. Pennestri, “An atlas of linkage-type robotic grip-
pers,” Mech. Mach. Theory, vol. 32, pp. 811-833, 1997.

L. U. Odhner, R. R. Ma, and A. M. Dollar, “Open-loop precision
grasping with underactuated hands inspired by a human manipulation
strategy,” IEEE Trans. Autom. Sci. Eng., vol. 10, no. 3, pp. 625-633,
Jul. 2013.

J. Kerr and B. Roth, “Analysis of multifingered hands,” Int. J. Robot. Res.,
vol. 4, pp. 3-17, 1986.

N. Rojas and F. Thomas, “Application of distance geometry to tracing
coupler curves of pin-jointed linkages,” ASME J. Mech. Robot., vol. 5, p.
021001, 2013.

G. C. Causey and R. D. Quinn, “Gripper design guidelines for mod-
ular manufacturing,” in Proc. IEEE Int. Conf. Robot. Autom., 1998,
pp. 1453-1458 vol.2.

C. Gosselinand T. Laliberté, “Underactuated mechanical finger with return
actuation,” U.S. Patent 5 762 390, 1998.

N.Rojas and F. Thomas, “On closed-form solutions to the position analysis
of Baranov trusses,” Mech. Mach. Theory, vol. 50, pp. 179-196, 2012.
GrabLab, Yale OpenHand Project, 2014. [Online]. Available: http://www.
eng.yale.edu/grablab/openhand/

R.R.Ma,J. T. Belter, and A. M. Dollar, “Hybrid deposition manufacturing:
Design strategies for multi-material mechanisms via three-dimensional
printing and material deposition,” ASME J. Mech. Robot., vol. 7(2), p.
021002, 2015.

O. Khatib, P. Thaulad, T. Yoshikawa, and J. Park, “Torque-position trans-
former for task control of position controlled robots,” in Proc. IEEE Int.
Conf. Robot. Autom., 2008, pp. 1729-1734.

Authorized licensed use limited to: Yale University. Downloaded on May 18,2020 at 23:11:29 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


