Compensatory Grasping with the Parallel Jaw Gripper*

Tao Zhang, Gordon Smith, Ken Goldberg
UC Berkeley?
Submitted to the 4" Workshop on Algorithmic Foundations of Robotics, Dec. 1, 1999

Abstract

For many industrial parts, their natural resting
pose differs from the orientation desired for as-
sembly.  We have found that it is possible in
many cases to compensate for this difference
using a parallel-jaw gripper with fixed orienta-
tion. The idea is to arrange contact points on
each gripper jaw so that the part is reoriented
as it is grasped. We analyze the mechanics of
compensatory grasping based on a combination
of toppling, jamming, accessibility, and form
closure and describe an algorithm for the design
of such grasps based on the constrained top-

pling graph.
1 Introduction

Indugtrial parts on a flat work-surface will natu-
rally come to rest in one of several stable orien-
tations, but it is often necessary to rotate a part
into a different orientation for assembly [1]. This
paper proposes an inexpensive (minimalist)
method for compensating for these differences
in orientation by rotating the part to a desired
orientation during grasping. As illustrated in
Figure 1, the part isinitially in stable orientation
(a); it then isrotated by the gripper to orientation
in (b) for assembly onto the peg. We refer to this
as a compensatory grasp. We achieve this using
a smple parald-jaw gripper with four tips as
shown in Figure 2. Firg, toppling tip A and con-
draining tip A’ make contact with the part and
topple it from the initial stable orientation to the
desired orientation.
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Figure 1. A compensatory grasp.

This process is referred to as “constrained
toppling”. Then, as soon as the part reaches the
desired orientation, left fixturing tip B’ and right
fixturing tip B make contact, stop the part’s ro-
tation, and securely grasp it. This process is
smply referred to as grasping. Note that the
pivot point, C, maintains contact with bottom
surface at all times.

These four tips and the paralld jaw gripper
are designed to be easily reconfigurable to han-
dle different industrial parts, and low in cost,
footprint and weight.
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Figure 2. Terminology.
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2 Related Work

Grasping is a fundamental issue in robotics; [2]
provides a useful review of research on the
topic.

The two most important classes of grasps
are known as force closure and form closure.
The difference between these two is that the lat-
ter is stable regardless of the external wrench
applied to the abject. In 1990, Markenscoff et al.
[3] proved, by infinitesimal perturbation analy-
gis, that four hard fingers are necessary and suf-
ficient to achieve form closure of a 2-D object in
the absence of friction. The parald jaw grippers
we propose provide four contact points but the
location of tips B and B’ are dependent on the
locations of A and A’ respectively.

Mason [4] was the first to study the role of
passve compliance in grasping and manipula-
tion. Brost [5] applied Mason’'s Rule to analyze
the mechanics of the paralle-jaw gripper for
polygonal parts moving in the plane. He showed
that it is possible to compensate for errorsin part
orientation using passive push and squeeze me-
chanics. Our paper considers grasp mechanics in
the vertical plane.

Trinkle and Paul [6] studied grasps that lift
parts while reorienting them in the vertical
plane. Based upon the geometry of a grasp and
gquasi-static analysis, the authors generated
liftability regions, which defines the qualitative
motion of a squeezed object. They predicted the
motion by solving the forward object motion
problem that is the dua of a nonlinear program
employing Peshkin’s [7] minimum power prin-
ciple. The preliftoff phase analysis of Trinkle
and Paul’s paper is related to our constrained
toppling phase analysis in that we both applied
graphic method to analyze the interaction among
a planar object, a supporting surface, and a grip-
per in the plane containing gravity. One impor-
tant difference is that we focus on the parald-
jaw gripper and consider how jaws can be de-
signed to facilitate grasping using only tranda-
tional motion.

Ancther approach to reorienting parts is
dextrous manipulation, where the part is reori-
ented as it is held in force closure using con-
strained dip. Rus [8] proposed a finger tracking
technique to generate rotation of grasped objects
with diding. Hong et al. [9] developed a plan-

ing algorithm to acquire a desired grasp by using
a finger gait technique, which allows reposition
of fingers while maintaining a grasp. Fearing
[10] considered both diding and rolling ma-
nipulation, and developed grasp planning based
upon local tactile feedback, geometry, and fric-
tional constraints. Bicchi and Sorrentino [11]
analyzed the effect of rolling. Compensatory
grasps combine rolling and diding. Another ap-
proach was studied by Rao et al. [12]. They pro-
posed picking up a part using a paralle gripper
with a pivoting bearing, alowing the part to
pivot under gravity to rotate into a new configu-
ration.

Our work was motivated by recent research
in toppling manipulation. Lynch [13] gave suffi-
cient mechanical conditions for toppling parts on
a conveyor belt in term of constraints on contact
friction, location, and motion. In [14], we de-
scribe the toppling graph to represent the me-
chanics and the geometry of toppling
manipulation. In this paper, we combine top-
pling mechanics with an analysis of jamming,
accessihility and form closure.

3 Problem Definition

Given the planar projection of an n-sided convex
polyhedral part P, how can we rotate the part to
a desred orientation and grasp it securey?
There are two phases involved in this process:
constrained toppling and grasping. We are
given as input: the part’s center of mass (com),
uncertainty in vertex location, e, the coefficient
of friction between the part and the surface, m,
and the coefficient of friction between the part
and the gripper, m. Let g denote the orientation
of the part from the +X direction; initialy q =0.
Let qq denote the angle at the desired orienta-
tion.

During the congtrained toppling phase, only
gripper tips A and A’ make contact with the
part. We require that these two tips cause the
part to rotate counter-clockwise without causing
C to lose contact with the surface. From the
toppling analysis in section 4 we are able to
show that on a given edge, the ralling conditions
are more easly satisfied if A’ islower, i.e du is
smaller. Thiswill in general produce a finite set
of possible dy candidates for the part. The



height of A, da, can then be determined by the
graphical analysis described in section 4.

The grasping phase occurs when the part has
been toppled to q = qq4. During grasping the fix-
turing gripper tips, B and B’, make contact with
the part. We require that the contacts corre-
spondingto A, A’, B, and B’ create form-closure
on the part, even when friction is disregarded.
Since da and dn are aready know, we must de-
termine dz and dg such that form-closure is
achieved. We additionally require that the tips B
and B’ do not make contact with the part before
g= Qg Thisregquirement is essentially a form of
accessihility constraint and further limits the
possible values of dg and dg. Finaly, because A
and B are fixed on the same jaw of the gripper
(and likewise A’ and B’) the geometry of the
part along with the relative heights of A and B
will determine the relative x offset between A
and B, which we denote Xag.

The final output of the analysis is the height
of each of the four tips, da, du, dg, and dg, as
well astherelative x offset between tips on each
jaw, Xag, Xap (See Figure 2). This set of vari-
ables determines the gripper design that will ro-
tate the part to the desired orientation.
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Figure 3. Notation.

Figure 3 shows the notation used in our con-
strained toppling analysis. The part sitson aflat
worksurface in a stable orientation. The work-
surface friction cone half-angle is ap, = tan™m,
and the gripper tip friction half-angleis a; = tan’
'm. The contact point between the part and the
worksurface is called a pivot vertex, denoted C
in figure 2, and taken to be at (0,0). The COM is
a distance r from the origin and angle h from

the +X direction at its initial orientation. The
congtraining tip, A’, is a distance dx from the
bottom surface. We denote the vector at the left
edge of the toppling tip friction cone as f; and
theright edge asf;.

We consider P as shown in Figure 3. Start-
ing from the pivot, we consider each edge of the
part in counter-clockwise order, namely e, &,
..., €. The edge e, with vertices v; at (X, z) and
Vi) & (Xj+1), Zi+1)), 1S in direction y; from the
+X axis.

We assume that the part and the gripper are
rigid, and also that the part's geometry, the lo-
cation of the COM, and the position of the jaws
are known exactly. We also assume that the con-
straining tip and the toppling tip of the gripper
contact the part smultaneoudly, and the motion
of the part and is dow enough that we can ig-
noreinertial effects.

4 Constrained Toppling Analysis

We first consider the constrained toppling of the
part. We divide constrained toppling into a
rolling phase and a settling phase. Our analysis
involves the graphical construction of a set of
functions that represent the mechanics of these
phases. In [14], we introduced the “constrained
toppling graph”, which includes the radius func-
tion, vertex height functions, constrained rolling
height functions, and constrained jamming
height functions.

The radius function, R(q), is the height of
the COM above the surface as the part is rotated
through q =0 ~2p. The local minima of the ra-
dius function indicate the stable orientations of
the part [15], while the local maxima are unsta-
ble equilibrium orientations. In this paper we
will consider only the range of angles corre-
sponding to rotation from one single stable ori-
entation to the next. We assume that the part can
be toppled into that orientation before grasping.
This range consists of the angles g = 0® g,
where g, is the angle of the ext stable orienta-
tion. Additionally, q: represents the unstable
equilibrium anglein that range.

The vertex height function, V;, gives the
height of vertex i above the surface as the part
rotates. Each vertex of the part has a vertex
height function. We truncate V; in two functions,



Vir and Vj, representing the height of vertex i
viewed from the +X and -X directions respec-
tively. Using the vertex height functions we can
determine which edge a gripper tip is in contact
with for any g and height.

The congrained rolling height function,
Hi(qg), is the minimum height at q that the top-
pling tip, A, in contact with edge § must be in
order to roll the part given the height of A’.
Hi(q) is determined on therange g = O® q;. At
g = ¢ the part is no longer being rolled, but
rather is now settling under its own weight. The
constrained jamming height function, Ji(q), indi-
cates a range of da values that may cause jam-
ming during the settling process. Ji(q) is
determined on therange q = g® 0.

All of these functions are dependant on q
and map from part orientation to distance:
S'® A*, where S' is the set of planar orienta-
tions. The combination of these four functions
forms the congrained toppling graph from
which we can height of the toppling tip A re-
quired to guarantee toppling.

4.1 Constrained Rolling Height Function

During rolling, the part rotates about C.
Friction between the part and the bottom surface
must not prevent C from diding to the right, and
friction between the part and the tips must not
prevent the part from dipping relative to the tips.
Additionally, the system of forces on the part:
the contact force at the bottom surface, the con-
tact force at the tips, and the part’s weight, must
generate a positive moment on the part with re-
spectiveto C.

The congrained rolling height function,
Hi(q), is the minimum height at q and a given d
that A in contact with edge & must be in order to
roll a part. This height is determined as a func-
tion of q based on the rolling conditions derived
using a graphical method from Mason [16].

Asthe part rolls, A’ could switch edges if a
contact edge is not long enough. In this paper,
we consider the Situation that A’ keeps contact
with g during the entire rolling phase, and the
same methodology can be applied for the case
where the contact switches edges (see [17] for
details).

Under the assumption that A’ keeps contact
with e, reative motion direction between the

part and A’ is uncertain, and it depends on an
angle, (w+(Q), where w denotes the interior angle
of apart at C as shown in Figure 4. We study the
congtrained rolling conditions based upon differ-
ent (w+qQ) ranges.

Let w be the distance along edge ¢ as
shown in Figure 4. Any point on g can be ex-
pressed as (X + W, cosy i, z + W Siny ).
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Figure 4. Ralling Conditions (p > w+q > p/2).
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Consider the case where p > w+q > p/2. In
such a case, rotation causes the contact between
the part and A’ to move away from C. To deter-
mine the constrained rolling height function, we
begin by congructing a triangle as shown in
Figure 4 with vertices Py, Py, and P,. Py is deter-
mined by the intersection of the left edge of the
bottom friction cone and the left edge of the
congtraining tip friction cone, and is at (X0, Zy)-
P, is the intersection of the vertical line through
the com and the left edge of the bottom friction
cone, and is located at (Xp, Zxn). P is the inter-
section of the vertical line through the com and
the | eft edge of the constrained tip friction cone,
and is located at (Xp, Zy2). From these defini-
tions we have:

X0 =g— PP, sinay, 1)
Zo=-gm+ PR, cosa, )
X1=0, (3
Zn=-g/m, (4)
X2=0, (%)



Zp= (dtan(q +w) -g) / tan(w+g+ay),  (6)
where g=r cos(h+q), (7)

?Fi = (zp+ r cos(g +h)/my) sin(w + g+a)/
sin(w+ q+a; - ap). (8

Consider a region of the X-Z plane defined
by linear edges. Let a primary region denote a
region such that toppling is guaranteed if every
force in the toppling tip friction cone makes a
positive moment about every point in the pri-
mary region. Therefore, the PyP,P; triangle is the
primary region in this case.

For all forces in the toppling tip friction
cone to generate a positive moment about the
triangle, the left edge of the friction cone must
pass above the triangle; all other vectors in the
friction cone will pass higher. We find the height
sufficient to roll the edge by projecting lines
from Py, Py, and P, at the angle of the left edge
of the pin friction cone, f, until they intersect the
edge of the part. The intersection with the
maximum height of those three is the minimum
height sufficient to roll the part. Notice that such
a height also guarantees that C keeps touch with
the bottom surface.

Let ,w; denote the edge contact on e where f
passes exactly through point P,. We can show
through geometric construction that

W (9) = (xising +2z €osq - z- (X €osq - zsing
- %) tan(bi+ g)) /(cos (g+y;) tan(bi+q) - sin
@ty ), )

whereb; =y + p/2+ a;.
Similarly, the edge contacts for f; passng
through P, and P, are given by owi(q) and ;wi(q).
The congrained rolling height function,
Hi(q), is based on w; which is the maximum of
oW, Wi andsw; in therolling region 0 < q < Q. W
can be shown to be

W 0<g<gyandy, <w
oW 0<q <du andy i Swo (10)

W 0o <0 <Qp

where Ju =P +@,-a,- Y, (11)

Gy =min -y ,p-wg,)- (12)
Thus, the congtrained rolling height function
within 0<q <qnisgiven by

H(g) = M@ V@EH@) (13)
if V@) >H @)

where H; () = xsinq + zcosg + wsin(y i+ g).
(14)

Following the same methodology, we find
Hi(g) under the condition w+qg = p/2 and p/2
>wW+(q > 0 (see[17] for details).
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Figure 5. R(g) vs. Hy (0), Va(q) and Vs (q).

Figure 5illustrates the functions R(q), H»(q),
Vx(g) and V5(q) for the part in Figure 3 with
a;=5° ap = 10° and ds = 0.9cm. The disconti-
nuity point (q =37°) of R(q) represents the ori-
entation where e is on the bottom surface.
Notice that H,(q), V2(q) and Vz(q) are dso dis-
continuous at g =37°. When g < 37°, V; isC
and x=4.1, =0, y,=56°, h=46°, r=2.2, and
w=143°-(180°-90°)=53°; When q > 37°, Vs isC
and x,=4.6, =2.4, y ,=92°, h=55° r =2.7, and w
=89°. At angle g any toppling tip at a height, h,
such that max(Hx(q),V>(q)) < h < Va(q) will
ingtantaneoudy rotate the part. The graph indi-
catesthat A can roll the part at any contact on e,
when 0<q <q,.

Given a certain contact edge, a lower A’ re-
sultsin asmaller primary region; thus, a lower A
will be able to topple the part. Therefore, the
best location of A’ on a contact edge is e above
the lower vertex, i.e. A’ is as low as possible.
This reduces dy candidates to a finite set for the



part. For each dn, we may employ the graphical
analysisto find the feasible da.

4.2 Constrained Jamming Height Function

We alow the part continue to rotate after it
has reached q; if ¢ > q.. We call this process
settling, and intend to determinate whether jam-
ming may occur in this process. The part may
jam while settling due to the frictional contact at
the toppling tip. We will be conservative and
eliminate any toppling tip height where jamming
may occur even though we cannot be certain it
will jam without further information. Note that
we consider the statics (not full dynamics) of the
settling process.

We only consider the situation where A’
keeps contact with e during the entire settling
phase. More general cases can be derived from
the same methodol ogy.

To determine the constrained jamming
height function we begin by constructing a pri-
mary region as shown in Figure 6. Notice that
thereis no jamming if the constrained tip contact
isleft of the part gravity line, i.e.,

dtan(q +w) <r cos(h+q). (15)

Otherwise, the primary region quadrilateral
with vertices Py, P;, P, and P;. P, is the inter-
section of the vertical line through the part’s
com and the right edge of the constrained tip
friction cone, and islocated at (X0, Zy). Piisthe
constrained tip contact at (X1, Zy1). P» isthein-
tersection of the left edge of the constrained
friction cone and the left edge of the bottom
friction cone, located at (X2, Z2). And Ps isthe
intersection of the vertical line through the part’s
com and the left edge of the bottom friction
cone, located at (Xo3, Zy3).

%0= 0, (16)
Zo=d—(dtan(q +w) - g)/tan(a. -q -w), (17)
X = dtan(q +w) (18)
Zn=d, (19)

Xg2 = -d cosagnay, / (Sn(g+w)sin(q +w+a-ap)),
(20)

Zy, = d cosa; cosay, / (sn(g+w)sin(q +w+a-ap)),

(21)
Xp3= 0, (22)
Zs=-gim. (23)

Figure 6. Jamming Conditions

To guarantee that no jamming occurs, any
force in the toppling tip friction cone must make
a positive moment about the critical primary
region then the left edge of the friction cone
must make a positive moment. In other words,
the left edge of the toppling tip friction cone de-
termines the height at which jamming may oc-
cur.

Similar to the analysis of the toppling height
function, we have ,w: (), ow; (), 1w, (g), and w;,
which is min (bw;, owi, W) at a given q. These
functions are given by:

.\I.O\Ni yi<w- Zat andq <Oz

J:,' W, w-2a £y, Ewandg<d, ()
i 2WM w<y ; andq <q

$3Wi QSZEqu'Wk

where x =P -a,-Y; (25)

The condrained jamming height function,
Ji(q), withqg: < g < gyisgiven by

Ja)= 13@ V@ELI@ (26)

if Vi@ > /@)
WhaeJi*(q) = X.Slnq + zc08q + W.Sin(yi+ q)
(27)



Therefore, for given g and da, jamming
occursif the heights of A islower than Ji(q).

4.3 The Constrained Toppling Graph

Figure 7 illustrates the entire constrained
toppling graph that combines the vertex height,
constrained rolling height, and constrained jam-
ming height functions to represent the full me-
chanics of toppling. From the constrained
toppling graph the necessary toppling height for
A can be determined or shown to be non-
existent. Note that H;(q) must be bounded by the
Vir(g) and Vi.1,(q) and is truncated where it in-
tersects them.

For toppling from an initial orientation to
the desired orientation to be successful, there
must exist a horizontal line from the angle of the
initial orientation to the angle of the desired ori-
entation at height h that has the following char-
acterigtics:

1: h > Hi(q) for al g; if Vi(Q) <h < Vi.1,(q);
2:h>J(q) forall q; if Vi,(q) < h< Vii1,(q);
3 h<max(Vi(q) foraliaanyq < q.

- - ) = y3r
’ /“'—F‘_‘\:\\\,\ Var
e /
h = He
H1,,,.,,.,,&,.,,,,FFHVlr
A i
q - 0 80 100 120 o
C a=37 q =0 g =0n

rotation angle (q)
Figure 7. Constrained Toppling Graph

The first two criteria can be described as A
must be above both the rolling height and the
jamming height on the edge it isin contact with
for al g. Notethat when the pin crosses a vertex
height function it contacts a new edge and must
then be above the rolling height and jamming
height functions for that edge. The third criterion
isthat the pin must not lose contact with the part
by passing over it during the rolling phase.

Figure 7 demongtrates the constrained top-
pling graph of the part shown in Figure 3. From

the graph we can determine a toppling tip at da
= 2cm is capable to topple the part to any orien-
tation with 0 < g < q,. Notice that A switches
contact edge from e, to e, at Q.

5. Grasping

Once the part has been rotated to q = qq, the
fixturing tips, B and B’, must make contact with
the part. Additionally, we require that the com-
bination of the contacts corresponding to A, A’,
B, and B’ generate a form-closure grasp on the
part. Thereaso exists an accessibility constraint
on the locations of B and B’ due to the require-
ment that they not make contact with the part
until g = gq. Therefor, we divide the grasping
analysis into two sections corresponding to de-
termining the accessibility constraint and meet-
ing the form-closure requirement.

5.1 Accessibility

The accesshility constraint will limit the
possible heights of the fixturing tip, B or B’, for
a given height of A or A’. In order to determine
the accessibility constraint we must consider the
relative motion between the part and a jaw of the
gripper. The rest of the accessihbility discusson
will be in a frame of reference fixed to the top-
pling tip A and will consider a contact B on edge
g. The accessibility constraint requires that as
the part rotates to the desired final orientation,
that it is moving out towards the fixturing tip
and that at no previous angle has the part been as
far out as the fixture tip and made contact.

onen‘!;i?ci% ,

Figure 8. Rotation of a part relative to the
toppling tip A.

To illudrate this dtuation, Figure 8 shows
the rotation of a part with respect to the toppling



tip. Notethat at any height within the inaccessi-
ble range on edge e, indicated in the figure, the
location of vertex v, would have contacted the
fixturing tip before the part reached the desired
orientation. Since this would prevent the part
from reaching the desired final orientation, these
heights are considered inaccessible.

By examining the inaccessible region more
closdly, as shown in Figure 9, we can see that
there are two factors to be considered when de-
termining the accessibility of an edge. The first
factor is whether any portion of the edge in the
final orientation is blocked from visbility in the
positive X direction by the part asit rotates. The
second factor is what portion of the edge is
moving forward, in the +X direction, at the final
orientation.

The first factor is taken into account by cal-
culating a vertex function for the vertex at the
top of edge g. The vertex function gives the
location of the vertex with respect to the top-
pling tip as a function of rotation angle. The
vertex function is given by

x:xj—xi—u, (28)
tany

and Y=y, (29)

where (X)) is the location of the vertex in the
fixed frame of reference, (x,y;) is the location of
the vertex at the bottom of the edge that the top-
pling tip contacts, and y; is the angle of that
edge. We must check what portion of the edgeis
visble from the +X direction without being
blocked by the combination of the vertex func-
tion and the initial orientation of the edge. Note
that it is possible that lower edges and vertices
may also block part of thefinal orientation of the
edge, and must be checked as well. This check
insures that the contact point is not blocked by
the part during rotation.

The second consideration insures that the
edge is moving out to the fixturing tip at g = Q.
In other words, the relative X displacement be-
tween A and B, denoted x.s, must be greater
than the X location (with respect to the toppling
tip) of the part at dg for any q < qq. We will de-
note the location of the part at a height ds and
angle g as (X.,ds). Note that this is a different
physical point at each g.

e;, final
orientation

vertex
/ function

e, fina
orientation

curve separating
proceedingfrom|—————*
receding of edge

e, initial - —

orientation

Figure 9. A portion of the edge in the fina ori-
entation may be blocked in the positive x direc-
tion before the part reaches the final orientation.
Additionally, a curve shows the separation be-
tween where the part is moving forward and
whereit isreceding.

At some critical height, h., the derivative of
X. with respect to q is 0. All of the physical
points on that edge below h. will meet the re-
guirement of moving out to the part while those
above will be receding. The accessibility con-
straint for this consideration is therefore, dg £ he
on agiven edge.

The relative X displacement of a point of the
part at height dg can be shown geometrically to
be

X =X, - X L7 Yi damy g

tany | tany
where (xy)) and (x;y;) are the locations of the
vertex at the bottom of the edge in contact with
A and the edge in contact with B respectively,
and y; and y; are the angles of those edges.
Therefore the derivative of x. with respect to q is
given by

[ da-% ,da-y
dqg

R tany . +sinzy Y
| : . (3D

+hc—xj ] hc—yj
tany ; sn’y

and must be O at h.. Setting (31) equal to O and
solving for h; yields
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For a given edge, indicated by x;, y;, and y j,
only heights less than h. can be considered when
determining the height for B in the form closure
analysis. A corresponding procedure is used to
determine arange of possible dg for agiven da.

5.2 Form-Closure

At the end of the accessibility considerations
we now know da and dn, as well as ranges of
possible values for ds and dg'. From these ranges
we must determine values such that the four tips
generate form-closure on the part. Thisis easly
done using the method described in van der
Strappen [18]. This method would entail deter-
mining the point a which the edge normals
through A and A’ mest, then sdlecting the loca-
tions of B and B’ such that the edge normals
through B and B’ create opposite moments about
that point. We omit the precise details for lack
of space.

6. Experiment

We conducted a physical experiment using an
AdeptOne industrial robot and a paradld jaw
gripper with tips designed using the methodol -
ogy described in this paper. The part is a small
lever from a standard videotape (FUJ serial
number: 7410161160). Its planar projection is
shown in Figure 1, and its planar convex hull is
shown in Figure 3.

Asillustrated in Figure 1, the part begins at
stable orientation (8). Its desired orientation is
(b) where q =37°. We choose A and A’ at da =
0.9 cm and da = 2.0 cm, respectively. The corre-
sponding friction cone half angles are a; = 5°
and a, = 10°. When g < 37°, CisV; and x,=4.1,
2,=0, y ,=56°, h=46°, r =2.2, and w=143°-(180°-
90°)=53° When q > 37°, C is Vs and x,=4.6,
2,=2.4,y,=92°, h=55° r=2.7, and w =89°. The
analysis yields the following tip values: dg = 2.7

cm, dg = 3.0 cm, Xag = 0.0 cm, and Xy = 2.1
cm. Figure 10 illustrates the compensatory

grasp.

Figure 10. Compensatory grasp experiment.

7. Discussion and Future Work

In industrial practice, gripper jaw geometry is
often custom-designed and machined for each
part. Design has been ad-hoc and particularly
challenging when the part's natural resting pose
differs from the desired grip/insertion pose. In
this paper we describe compensatory grasps, a
new approach to this problem where 4 contact
points on the jaws guide the part into alignment
and hold it stably. The next step is to develop
more sophisticated jaw shapes based on part
trajectory (see Figure 11) and to address shape
and position uncertainty, friction, and ultimately,
3D geometry. We are aso interested in more
efficient algorithms and knowing under what
conditions a compensatory grasp exists.



Figure 11. Gripper Jaws based on Compensatory
Grasp Tips and complement of swept volume.
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