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Summary. Many approaches to grasp synthesis do not scale well as the desired
number of contacts is increased. In previous work [21], we have presented a technique
that makes use of an example grasp to make synthesis tractable for grasps having
larger numbers of contacts. However, an interesting side effect of this approach is
that results can pick up quirks that are present in the example, some of which may
be undesirable. We are beginning to explore techniques to tune an example grasp
for a specific collection of task wrenches and to a given object geometry. This paper
presents preliminary results.

1 Introduction

Many natural grasps incorporate large areas of contact between the hand
and the surface of the grasped object (Figure 1). Representing these contact
areas using local contact models would require a relatively large number of
contacts per grasp. In previous work [21], we have demonstrated a technique
for synthesizing grasps from examples that is efficient for grasps having a large
number of contacts, and Figure 2 shows some of these results. Independent
contact regions are constructed so that one contact in each region guarantees
the grasp will preserve desired properties of the example. We have used this
algorithm to geometrically construct families of grasps that are force-closure,
partial force-closure, and that meet or exceed quality thresholds for metrics
reflecting the ability to efficiently apply specific task wrenches to the grasped
object.

One difficulty with constructing a solution around an example grasp, how-
ever, is that the results tend to preserve quirks such as incidental asymme-
tries that are present in the example. Consider Figure 3. The complete force
/ torque space for this 2D example is three-dimensional: (f5, fy, 7). Suppose
that the task involves primarily forces in the vertical direction (f,) and torques
applied about the object center of mass (7). An example with asymmetries will
result in contact regions with asymmetries, as shown in the left hand figure,
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Fig. 1. Many grasps take advantage of extended areas of contact between the hand
and object. Abstracting these grasps using local contact models would require a
large number of contacts.

while a more symmetrical example will produce a larger and more intuitive
set of contact regions for this symmetric object.

This paper briefly reviews our approach for synthesizing grasps from ex-
amples (Section 3), describes why this problem occurs, and suggests two ways
to adjust examples by tuning them to a given task and to the geometry of a
particular object (Sections 4 and 5).

2 Background

We assume that the goal of grasp synthesis is to select a good set of contact
points on the surface of an object, given knowledge of that object’s geometry
and a quality metric.

Algorithms for grasp synthesis can be divided into optimization approaches
(e.g., [10, 15, 17, 14, 11, 30, 31]) and constructive techniques (e.g., [19, 18]).
Constructive techniques are also frequently used in non-prehensile manipula-
tion (e.g., [16, 20, 27, 6, 7, 1, 13, 29]).

In work closest to ours Ponce and his colleagues [23, 22, 24] and Chen and
Burdick [4] describe algorithms for optimizing the sizes of independent contact
regions for two-to-four-fingered grasps. In other related work, van der Stappen
et al. [28], Liu [12], and Li et al. [9] describe a variety of techniques to compute
all force closure grasps for 2D grasps. Optimal independent contact regions
could be extracted from the results of their algorithms using the approach
described in Ponce et al. [24]. None of these approaches have been extended
beyond 4 contacts.

Most previous work in grasp synthesis has focused on a very small, typi-
cally minimal number of contacts. A variety of efficient grasp synthesis tech-
niques are available when the number of contact points is small. However, if
a grasp having a large number of contact points is desired, it is not clear how
to extend these techniques in a tractable manner, with the exception of local
numerical optimization (e.g., [31]). When grasps have large numbers of con-
tacts, local optimization may have difficulties with local minima. In addition,
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Fig. 2. Our algorithm converts an example grasp into an equivalence class of grasps
that can be projected onto any object geometry. One contact in each region guar-
antees a grasp that preserves desired properties of the example grasp. (A,B) An
example with eight hard-finger contacts and a friction coefficient of 1.0. (Contacts
on the opposite side mirror those shown.) (C,D) Results for the basket based on
this example. The task is to support the object against gravity, and the resulting
grasps are “90% as good as the example.” In this example, the metric of Zhu, Ding,
and Li [30] is used to define a high quality grasp as one where a given task can be
performed without excessive contact forces. (E,F) Results for the bowl, based on
the same example and quality requirement.

when objects have many faces to be considered (e.g. the bowl in Figure 2), any
algorithm that must consider all combinations of faces will be prohibitively
expensive.

Constructive approaches have the conceptual advantage over numerical
optimization techniques that they may be less prone to local minima. However,
we believe at this point that the user must provide some additional input
information to extend constructive approaches to a large number of contacts
while also treating all contacts in an equivalent manner.

By constructing results around an example grasp, we can to some extent
achieve this goal. Our paper builds on the ideas of Ponce et al. [24] and others
to synthesize independent contact regions. In contrast to previous work, how-
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Fig. 3. (Left) An example with asymmetries produces contact regions that also have
asymmetries. (Right) A symmetric example for comparison. The quality of grasps
represented in these figures has the same lower bound in both cases.

ever, we make use of an example grasp and construct results that preserve
closure properties of that example. This use of an example makes a poly-
nomial time algorithm possible. Our grasps are not in general optimal, but
they can be constructed to meet user-specified quality bounds. Our approach
was presented previously in [21], and this paper describes one way to improve
those results by making adjustments to the original example.

Two issues ignored in the grasp synthesis problem assumed in this paper
are second-order effects and the kinematics of the mechanism that will grasp
the object. Second-order analysis can provide insight into the stability of the
grasp with respect to external perturbations (e.g. [25, 26]). The kinematics of
the mechanism actually determine whether force closure and other properties
of a grasp are achievable [2].

An overview of grasping research, including work in grasp synthesis, can
be found in Bicchi [3].

3 Grasp Synthesis from Example
The goal of our grasp synthesis algorithm is to create a family of grasps such

that all grasps in the family have certain properties, which are specified at
design time by the user. The algorithm we use is deterministic (i.e., does not
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Fig. 4. 2D example construction of regions W, (G,¢). (A) A frictionless example
grasp G consisting of five contact wrenches. (B) C'Horig is the convex hull of these
contact wrenches. Halfspace boundaries are also shown. (C) C'Heps is constructed
from CH,rig by moving each halfspace boundary h to distance € from the origin.
The region of acceptable wrenches W(cy,) is an intersection of exterior halfspaces
of CHeps. (D) Each such region can be mapped to a set of contact points on an
object (Section 3.3) to obtain target contact regions W, (G, €). Grasps in the family
W (G, €) have one contact in each of these regions.

involve search) and it involves constructing this family around a given example
grasp.

Figure 4 provides a 2D illustration of the construction process. Suppose we
are given an example grasp G having N contacts g1, ..., gn. Wrenches avail-
able at each contact are represented as a linear combination of L extremes.
For example, a hard finger contact with friction may be represented using L
samples bounding the friction cone at that contact point. The example, then,
can be represented as the collection of N L extreme wrenches w;(gy,).

G ={Wi(g1),---,Wr(gn)} (1)

We assume that the W;(g,) span RS, although they may not positively span
RS,

The construction process begins with a volume in R, the convex hull of
all of the W;(g,). This volume is significant because it captures the closure
properties of G and is a first step in constructing many wrench-based quality
measures. We will represent this volume, C'H,,;q4, as a collection of halfspaces,
each expressed as an outward pointing normal fi, and a distance from the
wrench space origin dj,.

CHopig(G) ={ | 5[5, | B |} = Convex Hull(G)  (2)
dy do dg
To represent the connection between halfspace boundaries in CH,,;; and

wrenches W;(gy,), we define index set p,,; so that h € p,,; implies that halfs-
pace boundary h passes through point Ww;(gy).
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pn,l(G) = {h : (‘X’l(gn) : ﬁh) = dh} (3)

For each halfspace h, we choose some € to reflect requirements of the task.
Choosing €, = d; will match capabilities of the example grasp, but if the
example is unnecessarily strong in certain directions, setting €, to a value less
than d;, will allow greater flexibility in contact placement. Details on setting
€, can be found in Section 3.2.

Let € = [e1 ... €ex]. Based on CHopig(G), pn,i(G), and task variables €, we
define an equivalence class of grasps W (G, €) as a set of regions W,, (G, ¢€), one
for each contact, as follows:

W(G,e) ={c1,...,cn : cn € Wi(Gye), n=1,...,N} (4)

W (G,e) = [ Wai(G,e) (5)

Woi(G,€e) ={cn : Ty st. (Y(cn)au) -fn > €n) YR € pny, au >0, |laulln, =1}

(6)

where Y(¢,,) is the 6z L matrix of extreme wrenches in the contact model for
contact c,,.

Y(en) = [Wilen) Walen) ... Wir(en)) (7)

For any grasp in the set W, contact ¢, is meant to correspond directly to
the contact g, in G. In other words, the role of contact ¢, is defined by the set
of wrenches W1(gn), ..., Wr(gn) from the example grasp. The valid region for
contact ¢, is constructed as the intersection of L regions W,, ;, one for each
wrench extreme W;(g,),l = 1,..., L. Region W, ; is based on the intersection
of exterior halfspaces associated with W;(g,) (i.e., halfspaces indexed by py ;)
after those halfspaces have been adjusted along their normals to distances ep:
some unit wrench available at contact ¢,, must fall within this intersection.
Sections 3.1 and 3.2 show how this particular definition makes it possible to
control closure and quality properties of all grasps in W (G, ¢).

In the frictionless case, L = 1 and subscript [ is not needed, resulting in
the following expression for contact region W,,, which is much cleaner and is
illustrated in Figure 4D.

Wo(Gye) ={cn : W(en) iy > €, Vh € py} (frictionless case only)

(®)

3.1 Grasp Properties

Given this construction technique, what can we say about grasps in W? In [21],
we show the following:

Proposition 1. Suppose we are given grasp C' having contacts {c1,...,cn}
and grasp family W (G, €) constructed as in Equation 4.
From Equation 2, CHorig(G) is the convex hull of the unit wrench extremes

of G:
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CHrig(G) = Convex Hull{w1(g1),...,Wr(gn)} = ([ﬁ1 dl]T, o, [Ap dH]T)
Define CH e, (C) as the convex hull of the unit wrench extremes of Cfg)
CHypew (C) = Conver Hull {W1(c1),...,Wr(en)} (10)

Let CH,ps(G,€) be the intersection of all halfspaces having normals iy,
and distances €p,:

CHe.ps(Gye) = { A1 «]”,...,[ag em]" } (11)

Then if grasp C is in grasp family W (G, €), CHpew(C) contains CHeps(G,€):

C € W(G,€) — CHpew(C) D CHepo(Ge) (12)

This Proposition describes the volume CH,,s(G,€) in R® (possibly empty)
that is contained within the convex hull of contact wrenches of any grasp in
the family W (G, €). This volume is shown for a 2D example in Figure 4C.

3.2 Meeting Design Goals

Because CH.ps in Equation 11 is determined by the values of €, proper-
ties of grasps in W (G, €) can be controlled through careful selection of these
parameters.

Force Closure

Grasps in W will be force-closure if the convex hull of the contact wrenches
available from any grasp in W contains the origin in its interior. By Propo-
sition 1, it is sufficient that C'H,ps in Equation 11 contain the origin in its
interior. This goal is achieved by setting the following constraint:

en>0 h=1,... H (13)

Any small number can be used for all €, to ensure that force closure is possible
for all grasps in W(G,¢).

Grasp Quality Threshold for a Given Task

A force-closure grasp is not necessarily a desirable grasp, as it may result
in large internal forces to counter small external wrenches. A more useful
objective may be to synthesize a family of grasps which exceed a given grasp
quality threshold. We define grasp quality as follows:
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Definition 1. Grasp quality is the reciprocal of the sum of magnitudes of
contact normal forces required to achieve the worst case wrench in a task set.

This definition of grasp quality is based on the notion that the “effort” required
for a grasp is related to the sum of magnitudes of contact normal forces as
expressed, for example, in [8], [10], and [30].

Now, suppose we are given a task T described as the convex hull of K
points sg: T = ConvexHull(sy,...,sk). For this task, the quality of the
example grasp can be defined as follows (e.g., [31]):

H dn
Q(G) = I;?:Hf (maX(O, manKzl(Sk : ﬁh))) .

To obtain new grasps with quality at least SQ(G), set ¢}, as follows:

en, = BQ(G) max (O,maxi,;l(sk . ﬁh)) h=1,....H (15)

Using Proposition 1, we can show easily that C € W (G, €) and Equation 15
imply that
Q(C) = BR(G) (16)

Grasp Quality Threshold When No Task is Given

Now suppose the task is not known. We note that Equations 14 and 15 imply
that ¢, < Bdy for any task T. As a result, we can also obtain grasps with
quality at least SQ(G) by setting

Ehzﬁdh hzl,...,H (17)

Equation 17 is intriguing because it shows that contact forces can be bounded
relative to an example without measuring those forces and without knowing
anything about the task! However, using Equation 15 when the task is known
may result in larger contact target regions corresponding to directions where
the example grasp is unnecessarily strong.

3.3 Computing Contact Regions

Grasp family W (G, €) (Equation 4) is expressed in a manner independent of
object geometry. The equation

W(G,e) ={c1,...,ecn : ¢ €Wy, n=1,...,N} (18)

describes all possible combinations of contacts that can be generated from a
given example using our construction technique.
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The simplest way to filter this set of grasps through an object’s geometry is
to sample the object surface and test contact points for inclusion in W,,. Given
contact ¢,, and with reference to Equation 6, the problem of determining
whether ¢, € W, can be specified as follows:

find Lzl vector oy and parameter v,; to maximize v,; such that (19)

(Y(C,L)Oél) -ny, > €rVn,l Vh € Pn,l (20)
a; >0 (21)
lleullr, =1 (22)

Then from Equation 5:
L
cn €W, <— <rln_1{11/nl) >1 (23)

This problem description states that there must be some unit contact wrench
available at ¢, (i.e., some valid value for ay) such that all halfspace constraints
are met or exceeded by this wrench (i.e., v,y > 1foralll=1,...L).

In the frictionless case, ¢, € W, can be determined more easily. From
Equation 8 and Figure 4:

cn €W, <= W(c,) n,>¢€, YhEp, (24)

In this case, at each sample point on the frictionless surface the contact wrench
W(¢ep,) is formed and tested for inclusion in W,, by checking just a few 6D dot
products.

4 Reducing Asymmetries (A First Try):
Wrench Alignment

Referring back to Figure 3, one feature of this technique is that properties of
the example grasp are retained. In some circumstances, such as that shown
in the figure, some of these properties may be incidental and not especially
desirable.

Figure 5 shows the difficulty. Figure 5A shows the 7 = 0 slice of the 3D
force / torque space for the example in Figure 3(Left). The intersection of
CH,rig (Equation 2) with the 7 = 0 plane is shown. Compare this to Fig-
ure 5B, constructed from the more nicely aligned example in Figure 3(Right).
Figures 5C and D show the differences after convex hull CH,ps (Equation 11)
is formed using €, from Equation 15, with task wrenches in the f, and 7
directions ([fz, fy,7]T = [0,£1,40.3]T). The symmetric example from Fig-
ure 3(Right) aligns much more closely to the set of forces and torques required
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Fig. 5. (A) Interior of C'Horig for the asymmetrical example from Figure 3(Left).
The 7 = 0 plane is shown in all examples. (B) Interior of C' Horig for the symmetrical
example in Figure 3(Right). (C) C'Heps for the asymmetrical example. Task wrenches
are in the f; = 0 plane. Because the halfspaces of the convex hull are not well aligned
with the task wrenches, the volume contained within CH.ps is large. (D) CHeps for
the symmetrical example bounds a small volume, which will in general result in
larger contact regions on the object surface.

for this task. As a result, given our constructive technique for grasp synthesis,
the contact regions in Figure 3(Right) are larger and more symmetrical.

It is also possible to see this phenomenon by examining Figure 4C. With
reference to this figure, a poor alignment of halfspaces to task wrenches may
produce CH,,s with large interior and result in small regions W(c;), while a
good alignment may produce smaller CH,ps and tend toward larger Ww(c;).

One solution to this problem is to adjust the frictionless contact wrenches
of the example grasp so that they are aligned, where appropriate, with the task
space or its nullspace. The assumption we are making is that if a wrench is
nearly aligned with one of these spaces, then differences from exact alignment
are incidental and do not reflect an important property of the example grasp.

Specifically, given contact ¢;, the frictionless wrench at that contact can
be expressed as:

iy (e) = {ffci) ] (25)
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where A converts from units of torque to units of force. Parameter A can be set
to the reciprocal of the radius of gyration of the grasped object, for example.
Note that this is not a frame independent representation, and w,(c;) should
be expressed in the same frame as the task wrenches, typically with origin at
the center of mass of the object.

Now divide R® (R? in 2D) into two disjoint spaces that together span
all of RS (resp. R?). These will be the task space T, represented in matrix
form with basis directions along the rows, and its nullspace N, represented in
matrix form with basis directions along the rows. We can project w,(c¢;) into
both of these spaces:

Wy (ci) =TT Ty (ci) (26)

(i) = NT Ny (c:) (27)

Then the aligned frictionless contact wrench is set as follows:

, W (ci) 1 || (c)|| > alldg ()]
Wo(ci) = § @y () if [lay (e > allg(c)]] (28)
Wy (c;) otherwise

where a is a threshold that determines when a wrench is assumed to be aligned
with either the task space or the nullspace and wrench magnitude ||.|| is
computed using the L, metric in R%. Note that only the fricionless contact
wrench is adjusted. The contact model with friction is then developed based
on @g(ci) instead of wy(c;).

Performing alignment in this way fixes the problem shown in Figure 3 for
this example (see Figure 6).

5 Improving the Grasp More Generally:
Volume Alignment

The intuition behind the simple alignment approach just described is to pro-
duce larger contact regions by creating a better arrangement of example
wrenches W(c;) with respect to task wrenches si. In terms of the geome-
try we use to construct contact regions, the goal is to create a C'H,ps that
is a closer fit to the task wrench set (Figure 5). Aligning individual contact
wrenches can result in halfspace normals that are aligned with the task space
and its nullspace.

However, this simple idea does not work well in more complex situations.
In this section, we consider the 5 contact example shown in Figure 7. The
task in this case is to tip the object 90 degrees from vertical to a “handle-up”
configuration. In this example, results from simply aligning the frictionless
contact wrenches with the taskspace or nullspace are significantly worse than
the original example.

There are at least two problems. First, unlike the example in Figure 3, the
object itself is not symmetric. If we are targetting a specific object geometry,
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Fig. 6. Frictionless contact wrenches from the asymmetric example can be aligned
with the task space or its nullspace to improve the size and balance of contact
regions in this example. In the bottom figure, the dotted lines are frictionless contact
wrenches before alignment, and the solid lines are frictionless contact wrenches after
alignment.

that geometry should be taken into account. Second, the wrench alignment
algorithm does not capture the geometry of the task wrench space, only its
principal directions. This example of tipping the object onto its side involves
both an essentially 2D task space and a limited (90 degree) range of forces
within that 2D space.

To produce better results, we need to more directly address the goal of
producing a good fit of CH,ps to the task set s;. One possible algorithm, that
locally tunes an example to a specific object geometry is as follows:

Iteratively adjust contact positions on the surface of the object to re-
duce the (siz-dimensional) volume of CHeps.

Figure 7 shows results of adjusting contacts to achieve this goal while
keeping them within a specified distance of the original contact locations and
normals. Overall, more flexibility is available in the adjusted example than in
the original.
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Fig. 7. (A,B,C) Example 5-contact grasp. The task is to tip the object 90 degrees
from a vertical to “handle up” configuration. The contact model is hard finger
contact with friction, and the coefficient of friction is 1.0. (D,E,F) Contact regions
obtained from this example with no adjustment. Grasps in this family are at least
36% as good as the example grasp. (G,H,I) Contact regions after adjustment. The
quality threshold is the same as in figures D through F. Note that the top contact
in figures C, F, and I has moved to the underside of the handle in the optimized
example.
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6 Conclusions

Human grasp examples can be a rich resource, illustrating sophisticated and
successful grasping strategies. To make use of these examples, it must be
possible to adapt them to new situations, and we have shown that this can
be done in a way that provides some flexibility and also provides guarantees
on closure and quality properties of the results.

However, examples have the flaw that they were not necessarily engineered
for general use; they are in a sense “found artifacts.” As such, any one example
is unlikely to be perfect for a given task and class of objects.

We are very interested in how one might develop an optimal example or
set of examples. In this paper, we have begun to explore how a given example
might be tuned to a task and / or object geometry. However, ultimately an
optimal set of examples should take into account all of the constraints of hand
structural and functional properties, object geometries for a class of objects,
and also the intended task.

Some of our near term research goals are to better understand the dimen-
sionality of human grasps observed in manipulation of everyday objects such
as tools and to better understand the key collections of contact models that
might represent these grasps. In the longer term, perhaps a next generation
taxonomy can be developed along the lines of that of Cutkosky and Howe [5],
for example, but which also exploits measurement and analysis technology
available today and contains results that can be applied with bounds on ap-
plicability and guarantees on the quality of the resulting grasps.
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