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Spherical Hands: Toward
Underactuated, In-Hand
Manipulation Invariant to Object
Size and Grasp Location
Minimalist, underactuated hand designs can be modified to produce useful, dexterous, in-
hand capabilities without sacrificing their passive adaptability in power grasping. Incor-
porating insight from studies in parallel mechanisms, we implement and investigate the
“spherical hand” morphologies: novel, hand topologies with two fingers configured such
that the instantaneous screw axes, describing the displacement of the grasped object,
always intersect at the same point relative to the palm. This produces the same instanta-
neous motion about a common point for any object geometry in a stable grasp. Various
rotary fingertip designs are also implemented to help maintain stable contact conditions
and minimize slip, in order to prove the feasibility of this design in physical hand imple-
mentations. The achievable precision manipulation workspaces of the proposed morphol-
ogies are evaluated and compared to prior human manipulation data as well as
manipulation results with traditional three-finger hand topologies. Experiments suggest
that the spherical hands’ design modifications can make the system’s passive reconfigura-
tion more easily predictable, providing insight into the expected object workspace while
minimizing the dependence on accurate object and contact modeling. We believe that this
design can significantly reduce the complexity of planning and executing dexterous
manipulation movements in unstructured environments with underactuated hands.
[DOI: 10.1115/1.4034787]

1 Introduction

Past work [1–4] has shown that underactuated hands with care-
fully selected mechanical design parameters can produce pas-
sively adaptive grasps with minimal control and hardware
complexity. This has led to simpler and more compact designs
while retaining a comparable level of grasping functionality,
which is very useful for mobile and service robotics applications
in unstructured environments. However, research in underactuated
hands’ ability to perform precision in-hand manipulation, which
remains a difficult task even for complex, redundantly actuated
hands, has been limited. Dexterous in-hand manipulation extends
the utility of hands to beyond just acquiring and maintaining
grasps, allowing for fine adjustments to the position and orienta-
tion of the grasped object [5]. This typically requires redundant
control schemes with feedback, as well as detailed knowledge of
the object geometry and fingertip contact locations, which may be
difficult to acquire outside of a controlled and well-calibrated
environment. The additional degrees-of-freedom (DOF) that ena-
ble adaptive compliance in enveloping grasps make these tasks
with underactuated or soft robotics more challenging. In general,
the behavior of all soft, deformable, and reconfigurable elements
needs to be properly evaluated and modeled for each unique
object geometry [6,7].

In this paper, we detail work on the spherical hands, design
morphologies that build upon a common three-fingered hand
structure used in several commercial hands by arranging underac-
tuated fingers with out-of-plane offsets such that their joint axes
intersect at a common reference point. These hand morphologies
are called spherical hands because the intersecting joint axes of
these fingers result in an object workspace where all instantaneous
motions are about the same point, regardless of object geometry
or points of contact. It has been shown that these proposed

modifications can be made without negating the adaptive, power-
grasping capability of the original design [8]. Figure 1 shows a
physical example of one of these designs, highlighting the com-
mon point N about which the object is restricted to move. We also
consider the incorporation of specialized, passively rotary finger-
tips to minimize undesirable slip or rolling conditions at contact,
as well as a passive abduction/adduction pivot at the thumb base,

Fig. 1 Spherical hands are hand topologies incorporating
curved fingers with out-of-plane angular offsets designed such
that the grasped-object motion is about a common point N,
regardless of contact location or system configuration
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to maximize precision grasp stability over an extended range of
object poses.

Other researchers have found inspiration from the parallel
mechanisms research domain, identifying closed-chain mecha-
nisms as a useful, albeit idealized, model for precision manipula-
tion with both fully actuated [9] and underactuated [10] hands. In
particular, studies in parallel wrist design [11] have suggested
optimal design strategies for specific classes of motions.
Researchers [12] have established frameworks to describe dexter-
ous in-hand manipulation in the context of parallel mechanisms,
assuming the contact conditions remain valid. The spherical hand
morphology incorporates insight from these studies on parallel
mechanisms to generate object workspaces with the same predict-
able characteristic regardless of the object geometry and contact
locations.

The rest of this paper is organized as follows: In Sec. 2, the the-
oretical basis for the spherical hand morphologies is presented
and shows how the grasped object displacement primarily reduces
to a spherical rotation around a fixed point, independent of the
object properties or hand configuration. Section 3 describes the
mechanical design and fabrication of the spherical hand fingers
and the thumb’s passive pivot base. The two experimental setups
used to evaluate the spherical hand designs are then described: an
unactuated setup that uses magnetic spherical joints in place of
the fingertip contacts in Sec. 4, and the fully assembled, actuated
hand with rotary fingertips in Sec. 5. Finally, the results’ implica-
tions and comparison to those of traditional and novel modified
three-fingered robot hand implementations as well as past work
on human manipulation workspaces are discussed in Sec. 6.

2 Spherical Hands

Traditional hand designs typically use fingers with flexion
motion primarily constrained to a plane, and many researchers
have evaluated mechanical enhancements to the basic hand topol-
ogy. For example, Dai et al. [1] have investigated the utility of an
articulated palm structure based on a spherical five-bar linkage,
Higashimori et al. [2] proposed a rotary base to decouple the hand
into two independent grasping pairs, and Bicchi and Marigo [3]
has presented efforts in attaching actuated, rotary features onto
gripper surfaces. Although some designs [4,5] utilize compliant
flexure joints or soft materials to enable out-of-plane deflection,
no studies, to the authors’ knowledge, have investigated the utility
of fingers with spatial flexion motion profiles. In this section, we
show that by configuring the finger design and attachment such
that their revolute axes intersect at a common point, the finite dis-
placement of the corresponding grasped object always reduces to
a spherical rotation around that point.

The common point can be calculated from the geometry of the
hand alone, independent of the particularities of the grasped
object. This property is particularly useful for underactuated
hands, as neither the final configuration nor contact locations are
always independently controllable. The full hand-object system
needs to be considered to determine each stable, precision-grasp
pose, and changes in force control usually lead to system reconfi-
guration. In past work on underactuated precision manipulation
[6], the achievable object workspace needed to be experimentally
validated by exhaustively sampling the actuation space for each
unique object geometry. In contrast, the spherical hand concept
establishes an invariant, kinematic characteristic of the object
workspace independent of the system’s internal forces or pose.
This increases performance repeatability and robustness to opera-
tional errors.

Figure 2 shows the model of a spherical hand with conven-
tional, two-link, no-pivot (NP) thumb, and two customized oppos-
ing fingers, holding a general object—represented as a triangular
object in the image—in a precision grasp. The two opposing fin-
gers have joint axes that intersect at a common point in space. We
will refer to these two fingers as the curved fingers in the interest
of brevity.

During in-hand manipulation, the hand-object system of this
spherical hand is equivalent to a closed kinematic chain composed
of eight links with three revolute-revolute-spherical serial limbs
that connect the palm of the robot hand, or base, to the grasped
object. The spherical joints at the object-hand interface can be
assumed to have joint limits reflecting the hand’s ability to pas-
sively or actively maintain the desired contact constraints, such
that the behavior of the hand-object system will be a subset of the
ideal kinematic chain model. The mobility of these closed kine-
matic chains (eight links, nine joints in E3 with a total number of
15 degrees-of-freedom in the joints) is 3, by applying the Hunt’s
form of the Chebychev–Gr€ubler–Kutzbach criterion [7]. Conse-
quently, the feasible movements of the grasped object correspond
to a three-manifold (embedded in E3). By operating in the subset
of actuation space where the reconfiguration and passive compli-
ant elements in the system can be leveraged to maintain the con-
tact constraints at the object-hand interface, three total actuators
(one per finger) should be sufficient to move the object in all three
degrees of motion [8].

2.1 Kinematic Reduction. References [13,14] describe a pre-
cision analysis method that determines the composition of the dis-
placement manifold of a grasped object relative to the palm and
defines the displacements that can be controlled by the hand
actuators without depending on external factors. This approach is
based on a reduction of the graph of kinematic constraints related
to the hand-object system through proper manipulations of the
continuous subgroups of displacements generated by the hand
joints and contacts.

According to the notation of Fig. 2, let us call finger 1, finger 2,
and finger 3, the fingers with contact points C1, C2, and C3,
respectively. Fingers 1 and 2 are the curved fingers, typically the
fingers with coupled abduction/adduction base rotations in com-
mercial hands [6,11,12], and finger 3 is the opposition thumb. For
finger 1, one of the curved fingers, the axis of the ground revolute
joint (or proximal joint) is determined by a unit vector u1 and any
point, say A1, that belongs to the line defined by the rotational
axis. Thus, point A1 can be N, the point where the rotational axes
of the curved fingers intersect. This kinematic pair corresponds to
a kinematic constraint that forms the subgroup of displacements
fRðA1;u1Þg ¼ fRðN; u1Þg that restrict the movement between
this proximal link and the palm. Similarly, for the finger 1’s distal
joint, the generated subgroup is fRðB1; v1Þg ¼ fRðN; v1Þg. For
the case of the motion constraint between the fingertip and the
object, the generated subgroup is fSðC1Þg, which corresponds to a
spherical rotation about point C1. This contact model is kinemati-
cally equivalent to point contact with friction [15]. The same anal-
ysis can be repeated for finger 2, the other curved finger.

In the case of finger 3 (thumb), the axis of the ground revolute
joint, defined by the unit vector u3 and the point A3, is parallel to
the y -axis. In this finger, the axis of the revolute distal joint is par-
allel to the axis of the proximal joint. The resulting graph of kine-
matic constraints for the complete hand-object system of this
spherical hand is depicted in Fig. 3(a). This graph is composed of

Fig. 2 Multiple views of the kinematic structure of the pro-
posed spherical hand, with a traditional two-link thumb and
nonpivoting base. The axes of rotation for the curved fingers
intersect at a common point regardless of the hand
configuration.
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eight nodes and nine edges, related to number of links and joints
of the associated kinematic chain, respectively.

In order to obtain a mathematical characterization of the dis-
placement manifold of the grasped object relative to the palm of
the spherical hand with two-link thumb of static base, that is, to
reduce the graph to a graph of two nodes with a single kinematic
constraint, we firstly apply, according to the notation of Fig. 3(a),
a serial reduction to the nodes 1, 2, 3, and 6. Then, we get

S1 ¼ fRðN; u1Þg � fRðN; v1Þg � fSðC1Þg (1)

Using the property of closure of groups, it can be easily proven
that fSðOÞg ¼ fRðO; iÞg � fRðO; jÞg � fRðO; kÞg, provided that i,
j, and k are linearly independent vectors [16]. Let cnc1 a unit vec-
tor that is parallel to the line defined by points N and C1, and j1

and k1, two unit vectors that are linearly independent to it. Then

fSðC1Þg ¼ fRðC1; cnc1Þg � fRðC1; j1Þg � fRðC1; k1Þg
¼ fRðN; cnc1Þg � fRðC1; j1Þg � fRðC1; k1Þg

(2)

since fRðC1; cnc1Þg ¼ fRðN; cnc1Þg. Substituting Eq. (2) into
Eq. (1), we have

S1 ¼ fRðN; u1Þg � fRðN; v1Þg � fRðN; cnc1Þg � fRðC1; j1Þg
� fRðC1; k1Þg
¼ fSðNÞg � fSðC1Þg

(3)

given that fRðN;cnc1Þg¼fRðN;cnc1Þg�fRðN;cnc1Þg¼fRðN;cnc1Þg
�fRðC1;cnc1Þg, that is, 8x;x2fRðN;cnc1Þg�fRðN;cnc1Þg;x2
fRðN;cnc1Þg and provided that u1, v1, and cnc1 are linearly inde-
pendent vectors, as it is the case in general position. It is important
to note here that S1 contains the subgroup fRðN;cnc1Þg used in the
reduction above.

Applying the same reduction to the nodes 1, 4, 5, and 6, we get

S2 ¼ fSðNÞg � fSðC2Þg (4)

For the case of the set of nodes 1, 6, 7, and 8, we have (with
u3 k v3 k y)

S3 ¼ fRðA3; u3Þg � fRðB3; v3Þg � fSðC3Þg
¼ fRðA3; yÞg � fRðB3; yÞg � fSðC3Þg

(5)

Since the subgroup fRðC3; yÞg is a proper subset of the sub-
group fSðC3Þg, that is, fRðC3; yÞg � fSðC3Þg, then, by the prop-
erty of closure in groups, we get fRðC3; yÞg� fSðC3Þg
¼ fSðC3Þgð8x; x 2 fRðC3; yÞg �fSðC3Þg; x 2 fSðC3ÞgÞ. Hence

S3 ¼ fRðA3; yÞg � fRðB3; yÞg � fRðC3; yÞg � fSðC3Þg
¼ fGðyÞg � fSðC3Þg

(6)

where fGðuÞg ¼ fRðO;uÞg � fRðP;uÞg � fRðQ;uÞg, with
O 6¼ P 6¼ Q, corresponds to the subgroup of planar gliding
motions determined by the unit normal vector u. In this case, S3

must contain the subgroup fRðC3; yÞg.
S1, S2, and S3 are kinematic constraints defined as subsets of

the group of rigid-body displacements that result from the compo-
sition operation of the subgroups involved in their corresponding
nodes. After these three serial operations, the original graph of
kinematic constraints is reduced to a graph of two nodes with
three edges as shown in Fig. 3(b).

For simplifying the three kinematic constraints of the current
reduced graph to a single couple of edges, we apply parallel
reduction—i.e., to compute the intersection of the kinematic con-
straints associated to two edges—to, for instance, the kinematic
constraints S1 and S2, and S2 and S3. The intersection (\ Þ of two
kinematic constraints is basically the intersection as in set theory,
taking into account that the intersection of some subgroups gener-
ates a subgroup besides the identity displacement, which is equiv-
alent to the rigid connection between bodies. For instance, the
intersection between a spherical rotation fSðNÞg and a planar
gliding motion fGðuÞg is fRðN;uÞg. Similarly, fSðOÞg\
fSðPÞg ¼ fRðO;copÞg ¼ fRðP;copÞg with cop ¼ OP=kOPk. It is
important to note that introduction of new subgroups during serial
reductions (as it was done in the examples above) may limit the
set of possible subgroups resulting from intersections.

For the case of the kinematic constraints S1 and S2, we have

P1 ¼ S1\S2

¼ fSðNÞg � fSðC1Þg \ fSðNÞg � fSðC2Þg
¼ fSðNÞg � ðfSðC1Þg\ fSðC2ÞgÞ
¼ fSðNÞg � fRðC1;dc1c2Þg

(7)

For S2 and S3, we get

P2 ¼ S2\S3

¼ fSðNÞg � fSðC2Þg \ fGðyÞg � fSðC3Þg
¼ fRðN; yÞg � fRðN; cnc3 Þg � fRðC2; yÞg � fRðC2;dc2c3Þg
¼ fRðN; yÞg � fRðN; cnc3 Þg � fS2ðC2Þg

(8)

where fS2ðOÞg ¼ fRðO; uÞg � fRðO; vÞg is the submanifold
included in fSðOÞg defined as the composition of two different
subgroups of rotations whose axes meet at a single point [17].
Now, let cnc2 a unit vector that is parallel to the line defined by
points N and C2, and j2 a unit vector that is linearly independent
to it. Then, likewise as in the case of Eq. (2), we have

fS2ðC2Þg ¼ fRðC2; cnc2 Þg � fRðC2; j2Þg
¼ fRðN; cnc2 Þg � fRðC2; j2Þg

(9)

Replacing Eq. (11) into Eq. (8), we get

P2 ¼ fRðN; yÞg � fRðN; cnc3Þg � fRðN; cnc2 Þg � fRðC2; j2Þg
¼ fSðNÞg � fRðC2; j2Þg

(10)

Fig. 3 The graph of kinematic constraints of the hand-object
system for the spherical hand (a) and its corresponding reduc-
tion ((b) and (c))
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provided that y, cnc3 , and cnc2 are linearly independent vectors, as
it is the case in general position. Note that Eqs. (7) and (10) corre-
spond to a four-manifold, as it is required by the closed kinematic
chain associated to the kinematic constraints S1 and S2, and S2

and S3, respectively.
After the application of the two presented parallel reductions, a

graph of kinematic constraints of two nodes with two edges is
obtained. The nodes of such graph are the base of the spherical
hand and the grasped object, both connected by the kinematic con-
straints P1 ¼ S1\S2 and P2 ¼ S2\S3. To get the final subset of
displacements of the grasped object, a last parallel reduction is
applied to the constraints P1 and P2, as shown in Fig. 3(c). Thus,
we have

P3 ¼ P1\P2

¼ fSðNÞg � fRðC1;dc1c2Þg \ fSðNÞg � fRðC2; j2Þg
¼ fSðNÞg � ðfRðC1;dc1c2Þg\ fRðC2; j2ÞgÞ
¼ fSðNÞg

(11)

since fRðC1;dc1c2Þg\ fRðC2; j2Þg ¼ fIg, the identity displacement.
Equation (11) implies that the feasible movements of a grasped

object by the spherical hand with two-link thumb of static base
correspond in general to a spherical rotation about N, the intersec-
tion point of the revolute axes of the curved fingers. This finite
spherical motion is a three-manifold, as it is required by the
mobility of the associated kinematic chain of the hand-object sys-
tem. By repeating the above analysis, locking the action of the
proximal joints, it can be verified that the spherical motion can be
fully controlled by the hand actuators since the resulting displace-
ment is the identity.

2.2 Alternative Thumbs. Section 2.1, detailed the kinematic
reduction for the spherical hand with the two-link, no-pivot (NP)
thumb, the conventional design where the proximal joint at the
base has a single degree of freedom. Figure 4 shows the kinematic
models for other thumb variations herein proposed to improve
upon the functionality achieved in the authors’ initial study [18].
The primary difference is the addition of a pivot (P), orthogonal
to the flexion rotation axes, at the thumb base allowing the finger
to swing side to side. Thus, the spherical hand morphologies
include the curved fingers with a conventional two-link thumb of
static base as well as the curved fingers with both a two-link,

pivot (2P) thumb and a one-link, pivot (1P) thumb. Mechanical
design details for the modified base are provided in Sec. 3.3.

It can be shown that the serial reduction for the two-link pivot
thumb (Fig. 4(b)) is S3 ¼ fDg, the continuous group of displace-
ments corresponding to a six-manifold. Then, the resulting dis-
placement of a grasped object by the spherical hand with two-link
pivot thumb (2P) is the intersection of the curved finger kinematic
constraints, P1 ¼ S1\S2 ¼ fSðNÞg � fRðC1;dc1c2Þg, which is the
composition of a spherical motion about the common center N
and a rotation about the axis defined by the fingertips of the
curved fingers. However, in this case, the rotation about the fin-
gertips is controllable and there always exists a line on such an
object with motion constrained on a sphere centered on N despite
the additional degree of freedom.

Likewise, the motion for the one-link, pivot (1P) thumb
(Fig. 4(c)) is described by S3 ¼ fRðA3; u3Þg � fRðP3;w3Þg
�fSðC3Þg , which can be reduced to

S3 ¼ fRðA3;u3Þg � fRðP3;w3Þg � fRðC3;w3Þg � fSðC3Þg ¼ fDg
(12)

where fDg must contain the subgroup fRðC3;w3Þg and w3 is the
same rotation axis as that for the thumb base pivot. P2 then
resolves to fSðNÞg � fRðC2; j3Þg where j3 is some vector linear
independent to w3, and consequently, the final reduction for P3 is
the same as that for the standard two-link, no-pivot (NP) thumb
design, that is, the feasible movements of a grasped object by the
spherical hand with one-link, pivot (1P) thumb correspond in gen-
eral to a spherical rotation about N.

3 Mechanical Implementation

An initial evaluation of in-hand workspace in underactuated
hands used two-link, linear, underactuated fingers with a revolute,
proximal joint and a flexure-based distal joint [19]. An open-
source, three-finger hand design [20] based on that work serves as
the experimental hardware platform to evaluate the effects of
mechanical design modifications on manipulation capabilities. All
fingers are modular, each is driven by a single agonist tendon, and
the distal flexure joints were replaced by revolute joints to match
the model presented in Sec. 2.

3.1 Curved Fingers. To satisfy the design constraints of the
spherical hand morphologies, an out-of-plane angular offset of
p=4 rad was applied to the middle of the link in the prototype
implementation, as shown in Fig. 5(a). This angle can be modified
to adjust the offset of the joint axes’ intersection relative to the
finger base. To ensure that joint axes intersection for one curved

Fig. 4 Structure of thumb designs of the spherical hands: (a)
two-link thumb with static base, (b) two-link thumb with pivot
base, (c) one-link thumb with pivot base

Fig. 5 (a) Proposed design of the prototype curved fingers,
and (b) physical comparison of the curved fingers from the
spherical hand designs with the standard, planar fingers used
in traditional hand designs. Other finger link geometries are
possible as long as the joint axes’ intersection is maintained.
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finger can be coincident with that of the other corresponding fin-
ger in the pair, the intersection offset projected onto the palmar
surface needs to be at least 1/2 the distance between the finger
bases. For consistency, the distal phalanx also uses the same angu-
lar offset, though the designer is free to implement any arbitrary
offset from the distal joint to the fingertip without affecting the
joint axes intersection. The curved finger bases were tilted by
0.72 rad to accommodate power grasping, as suggested by past
work [18]. Note that the out-of-plane angular offset does not need
to be implemented as a continuous curve between the joints. In
fact, an alternative finger link geometry may be more optimal for
other grasping scenarios.

Figure 5(b) shows a side-by-side comparison of the curved fin-
ger design for the spherical hands with the traditional linear
design used in the authors’ previous works. For both, the effective
lengths for the overall finger, proximal link, and distal link were
100 mm, 62.5 mm, and 37.5 mm, respectively, consistent with
the optimal parameters chosen in prior underactuated hand
designs [18].

3.2 Hand Layout. The proposed finger designs can be
arranged such that the common center N is situated either within
the hand workspace or outside. While the former can be preferable
to the latter, a closing force on the object is only possible for the
latter due to the free-swing trajectories of the tendon-actuated fin-
ger, as shown in Fig. 1. In this study, the in-hand manipulation
capabilities were only evaluated for discrete, static base configura-
tions, such that the effective common center N was invariant.
Grasp stability requirements may necessitate coupled motions
between the base and individual fingers for desired task primi-
tives, although that would then affect the location of the common
center N.

3.3 Thumb Base Design. The authors’ prior work on spheri-
cal hand designs [18] and results from related human studies [21]
suggest that thumb mobility greatly impacts the achievable in-
hand workspace. Considerable research efforts have been applied
to opposable thumb design in anthropomorphic hands [13,14].
Qualitatively, past work in underactuated hands with flexural
joints [19] suggested having an additional passive axis of rotation
orthogonal to the standard design’s joint axes, which are tradition-
ally parallel with one another, could aid in pinch grasp adaptabil-
ity and stability. Figure 6 illustrates the design changes made to
the thumb base, providing a passive axis of rotation and allowing
the thumb to swing side-to-side. This pivot is anchored to the base
with a pair of extension springs, and its behavior is independent of
the thumb actuation, since the actuating tendon runs through the
axis center. When not in contact with an object or an opposing fin-
ger, this joint axis would be inactive, and the thumb would have
the same free-swing behavior as the standard thumb design with-
out the additional joint axis in its base. An articulated thumb base

is generally reserved for high-complexity and fully actuated hands
with actuators situated outside of the main hand structure [14].
The passive pivot introduced in this study may provide a useful
alternative for low and medium-complexity hands without com-
promising performance or packaging. This modification is imple-
mented in both the spherical hand with two-link, pivot thumb (2P)
and the spherical hand with one-link, pivot thumb (1P), as detailed
in Sec. 2.2.

4 Ideal Kinematic Workspace

In this section, we seek to experimentally examine the “ideal”
kinematic workspace of the robot hands, that is, the range of
object positions/orientations that can be achieved outside of the
constraints of needing force closure on the grasped body. Instead
of relying on simulation, this is achieved by using an object with
magnetic contacts that accommodate steel spheres at the hand’s
fingertips.

4.1 Experimental Setup. Manipulation models, including the
one described in Sec. 2, often assume simplified contact models
that can be difficult to replicate in a physical real-world system.
To validate the common center predicted by the spherical hand
morphologies, we first introduce an experimental setup that main-
tains ideal point contact constraints through the use of magnetic
spherical joints, as described in Figs. 7(b) and 7(c). A cylindrical
magnet and a countersunk nylon washer are embedded at each
contact location in a test object, and a steel sphere is affixed to the
distal end of each finger. This creates a consistent spherical joint,
the kinematic equivalent of point contact with friction, at the

Fig. 6 The passive, pivoting degree of freedom is implemented
such that it is not actuated by the main drive tendon. The drive
tendon passes through the rotational axis of the pivot. Exten-
sion springs on both sides of the finger base set the initial con-
figuration at center.

Fig. 7 Manual, unactuated exploration of the reachable kine-
matic spaces for the standard (b) and (c) spherical hand
designs was explored for both two-finger and three-finger con-
tact conditions and a variety of object sizes (a)
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finger-object interface. A trakSTAR [22] position sensor was
affixed to the center of the test object to track its Cartesian posi-
tion and orientation. The sensor has spatial resolution of 0.5 mm
and orientation resolution of 0.002 rad.

This experimental setup was unactuated but used the same
physical finger links and base spacing as the final spherical hand
prototypes. The spherical magnet at each fingertip engaged
directly with the object. The base orientation for the curved fin-
gers could be set to five different discrete configurations, as shown
in Fig. 8. These configurations account for the full range of finger
base rotation possible in the robotic prototype to be described in
Sec. 5. According to the computer aided design model, configura-
tion C, with the base offset 0.514 rad (29.5 deg) from horizontal,
generates the ideal scenario, with the joint axes intersecting at the
desired common center N. To evaluate the achievable workspace,
the object-hand test setup was manually reconfigured by the
authors. For each finger type, base configuration, and test object,
three trials were performed, and in each trial, 2000 pose measure-
ments were recorded at the trakSTAR system’s default measure-
ment rate, approximately 30 Hz.

Figure 7(a) shows the range of objects used in this evaluation.
Two-contact bar objects of lengths 38 mm, 48 mm, and 58 mm,
and a three-contact triangular object with side-length 70 mm,
contact-spacing length 38 mm was used to measure the achievable
workspace. The two-contact bar objects were used to measure the
manipulation behavior of the curved fingers. In the case of the
spherical hand designs, these two fingers primarily dictate the
final shape of the object workspace. Although just a single pair of
fingers may be insufficient for a stable precision grasp, the kine-
matic workspace for the linkage chain corresponding to the two-
finger case encompasses that of the three-finger case and provides
a larger workspace from which to extract insight.

Note that there is an unconstrained axis of rotation for the two-
contact bar objects—corresponding to the rotation about the axis
defined by the contact points, so only the Cartesian position data
were considered in those tests, and the sensor was affixed such
that the free rotation did not generate Cartesian errors.

4.2 Workspace Evaluation. A hybrid statistical, k-nearest-
neighbors (KNN) approach similar to the statistical outlier filter

implemented in the point cloud library (PCL) [23] was used to
remove outliers from the measured dataset. For each point pi in
set P, the algorithm calculates the distances to the k nearest neigh-
bors, Di,where k ¼

ffiffiffi
n
p

, and n is the size of the dataset. The maxi-
mum such distance for each point, maxðDiÞ, was recorded in set
Dmax, and points pi with maxðDiÞ outside the range
meanðDmaxÞ61:96 stdðDmaxÞ were removed. This algorithm is
independent of coordinate-frame selection, does not bias the
resulting workspace toward any shape or convexity, and still per-
forms well for sparse datasets.

To calculate the workspace volume and shape from the manual
trials, the authors used alpha shapes [24] to account for concave
workspace volumes. The principal axes were also found to pro-
vide useful comparisons to past human manipulation studies [21].
The alpha shape volume was determined with an alpha radius
equivalent to the standard deviation of points along the minimal
principal axis. Angular workspace is presented in terms of
Cayley–Rodriguez coordinates, components of the vector u satis-
fying R ¼ exp ðbuÞ ¼ I þ ðbu=jujÞsin juj þ ðbu2=juj2Þð1� cos jujÞ,
where R is the rotation matrix.

To approximate the common workspace center, if it exists, a
voxel binning filter as described in Ref. [21] with 2 mm grid spac-
ing was first used to remove any bias from nonuniform workspace
sampling. The common center for each dataset P was then deter-
mined by finding the point pc in discretized task space satisfying
argminpc

ðstdðDistðP; pcÞÞÞ, that is, the point for which the stand-
ard deviation of the distances between that point and all points in
the dataset is minimal. Least-squares solutions for approximating
the workspace center [25] were insufficient, due to the limited
range of motion for the tracked object. The calculated center was
not recorded if the radius was found to be greater than 500 mm.
The Cartesian errors (mm) to the workspace center predicted by
the computer aided design model for the ideal spherical configura-
tion (C) were also calculated.

4.3 Experimental Results. An example comparison of the
workspaces for the spherical and standard hand designs’ two
opposition fingers is presented in Figs. 9 and 10. Each set of plots
show the raw trakSTAR position data for the instrumented object,
collected during manual exploration. The shell-like form of the

Fig. 8 Set of discrete base configurations that were tested for both the standard and spherical hand fingers. Configuration C
is considered to be the ideal spherical hand case, where the joint axes all intersect at a common point.
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object workspace in the spherical hand case—utilizing the two
curved fingers—is readily evident from the 2D projections of the
point cloud from these experimental trials using the magnetic
kinematic setup, and the workspace fitted to a spherical surface is
shown in Fig. 10.

Note that by using magnetic contacts to represent idealized
point contacts, this study on kinematic reachability does not con-
sider the hand’s ability to produce a stable grasp in each reachable
pose. The magnetic contacts also generate a higher effective fric-
tion cone than what would be possible with a physical hand. How-
ever, the combined workspace can be used to validate the
common center proposed by the spherical hand concept.

The workspace from a two-finger standard hand design should
result in a common center at infinity in an ideal system, since the
joint axes for each finger are parallel, and as Table 1 shows, the

majority of the standard hand configurations could not produce a
common center within 500 mm of the workspace dataset. In con-
trast, kinematic workspaces from spherical hand configurations
could all be fitted to spherical surfaces with radii in the range
[40,90] mm.

Across the three evaluated object sizes, the workspace center
was most consistent for spherical fingers in the C and D base con-
figurations, according to the variance of the measured Cartesian
errors. Unexpectedly, configuration D produced more consistent
workspace centers, contrary to the model’s expectations. This
may be due to a special condition in configuration D, where the
corresponding distal and proximal joint axes between fingers are
parallel. For both configurations, the workspace center varied by
less than 5 mm across all test cases.

Table 2 summarizes the ideal workspace results for the three-
finger contact condition, using configuration C and the proposed
thumb design options, for both the standard and spherical cases.
The measured workspaces should be a subset of those recorded
from the two-finger contact condition. In the cases with the two-
link thumb with static base (NP), it was not possible to extract the
expected common center from limited workspace point cloud, from
either hand design. The static base limits the achievable workspace,
and calculating the center for smaller experimental workspaces is
more sensitive to measurement noise and remaining outliers.

Values calculated for the human manipulation workspace as
measured by Bullock et al. [21] are included for comparison in
both Tables 1 and 2. Their study utilized circular test objects with
diameter between 33 and 40 mm and full mobility of the human
hand. Cells are highlighted for cases where the experimental val-
ues in our test setup exceeded the human manipulation perform-
ance. With static finger bases and fewer joints, the curved fingers
in the manual setup could reach a larger workspace, while the
standard planar fingers could not. This may suggest that nonparal-
lel joint axes could be beneficial in increasing workspace size, in
addition to generating unique characteristics to the overall
topology.

In terms of Cartesian workspace size, the spherical hand outper-
forms the standard hand for nearly all configurations and object
sizes in the two-finger contact condition. For example, in configu-
ration C, the base configuration satisfying the desired spherical
hand constraints, the standard hand design could only achieve

Fig. 9 Experimentally sampled workspace projections for the
standard hand, for base configuration C and test object size
58 mm, utilizing an ideal kinematic setup with magnetic spheri-
cal joints

Fig. 10 Experimentally sampled workspace projections for the
spherical hand, for base configuration C and test object size
58 mm. The spherical surface fitting is more consistent for the
spherical hand configuration than traditional hand designs.

Table 1 Two-finger ideal kinematic workspaces

Type Config. Obj. size (mm) Radius (mm) Cart. err. (mm) Alpha vol (cm3) PCA 1 (cm) PCA 2 (cm) PCA 3 (cm)

Human 33–40 — — 5.7 4.06 2.23 1.01
Standard C 58 231.84 6 1.17 279.76 4.71 5.81 3.70 0.50

48 193.71 6 1.13 243.76 2.00 4.38 3.90 0.46
38 26.30 6 2.38 79.91 5.35 4.03 3.38 0.59

D 58 — — 0.622 20.89 10.02 0.34
48 — — 1.95 17.30 7.40 0.40
38 — — 5.86 18.08 8.34 0.64

E 58 — — 5.70 7.95 4.32 0.64
48 — — 4.04 6.54 3.98 0.61
38 — — 7.30 4.82 3.71 0.76

Spherical A 58 76.56 6 1.13 47.76 1.89 3.21 2.11 0.47
48 42.75 6 0.97 83.72 0.77 2.57 1.69 0.43

B 58 71.99 6 1.24 30.15 4.02 4.21 3.65 0.64
48 75.70 6 1.20 29.78 4.22 4.51 4.05 0.58
38 68.53 6 1.06 45.75 3.73 4.47 4.31 0.63

C 58 73.42 6 1.04 16.90 8.50 10.10 4.29 2.06
48 78.29 6 0.92 14.31 8.88 11.80 5.36 2.06
38 73.65 6 1.46 18.72 14.94 11.87 5.43 2.00

D 58 87.48 6 0.64 9.55 6.10 12.04 4.87 2.18
48 86.19 6 0.72 11.04 8.08 11.88 4.53 2.01
38 80.90 6 1.09 11.18 13.91 12.60 4.65 2.10

E 58 77.57 6 0.76 15.86 4.70 9.41 5.00 1.31
48 74.06 6 0.92 17.93 5.48 7.71 4.65 1.09
38 62.54 6 1.28 27.52 6.31 6.02 4.51 0.84

Values greater than the corresponding human value are highlighted, and the maximum value for each workspace metric is bolded.
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37%, 42%, and 72% of the spherical hand’s alpha volume, pri-
mary principal axis, and secondary axis, respectively. For
the spherical hands, using configuration C also resulted in the
largest overall workspaces, averaged across all the test
objects. Configuration D, where the fingers are in direct opposi-
tion, presented a special case where the standard hand workspace
was predominantly planar, resulting in large primary and second-
ary principal axes, but a low overall workspace volume. In con-
trast, it should be noted that the two-finger spherical hand cannot
achieve a purely planar workspace without coordinated base
motion.

For the spherical hands, the design incorporating the additional
thumb base pivot and a 2DOF thumb (100 mm) resulted in the
largest Cartesian and angular workspaces, as shown in Table 2, as
well as a spherical surface fit with the calculated center closest to
the theoretical common center found via the CAD model
(<10 mm). However, the standard hand design was able to reach
larger overall Cartesian and angular workspaces with the same
thumb design (two-link, pivot thumb), exceeding both conserva-
tive measures of the human manipulation workspace from
Ref. [21] for three-finger grasps.

5 Experimental Manipulation Workspaces

Although the unactuated kinematic test setup in Sec. 5 corrobo-
rated the spherical workspace center and the kinematic perform-
ance of the fingers designed for the spherical hands, it did not
assess the effect of the new finger design and layout on grasp
capability when compared to past work on underactuated preci-
sion manipulation [19]. The point contact assumption is difficult
to reproduce in physical, in-hand manipulation trials, which gen-
erally require rolling [26] or soft contacts [27]. In this section, we
present a simplified model for precision-grasp stability in underac-
tuated hands, with the assumption that reconfiguring, underactu-
ated fingers behave like elastic springs. We also detail the
implementation of passive, rotary fingertips, designed such that
under no-slip conditions, the object-finger interface will not
exhibit rolling, allowing the hand to leverage the advantages of
soft contacts without needing to account for its behavior in
control.

5.1 Underactuated Grasp Stability. Due to passive reconfi-
guration, underactuated hands typically cannot satisfy the condi-
tions for full force closure. Instead, relevant work [28] focuses on
the hand’s ability to produce equilibrium grasps, where

_nobject ¼ J _q (13)

�JTw ¼ s (14)

For object twist _nobject, system Jacobian J can be calculated for
the hand-object system described in Sec. 2.1 [29], finger joint con-
figurations q, finger joint torques s, and an external wrench w,

which should include at least the effects of gravity on the object
mass. A potential function VðqÞ exists for a grasped object at equi-
librium such that DVðqÞ > 0 for nonzero joint configuration dis-
placements Dq [30].

In practice, the authors have achieved stable precision grasps
with underactuated hands through position-control of the actua-
tion tendon lengths for each finger without tactile or visual feed-
back [19,31]. The generated grasp force is a result of the fingers’
reconfiguration from their free-swing trajectory due to the object
contact constraints, as shown in Fig. 11. The free-swing configura-
tion fqi for the ith finger and some actuation tendon length ai is
determined by

argminqi

f Ei

� �
¼ argminqi

1

2

Xnf

j¼1

kij qij � qij0ð Þ

0
@

1
A (15)

JADqi ¼ Dai (16)

where Ei is the energy of the ith finger due to the passive joint
stiffnesses, fEi is the free-swing energy of the ith finger in the
absence of contact, nf is the number of joints, kij is the joint stiff-
ness of the jth joint, and qij0 is the rest configuration of the jth
joint. JA is the actuation Jacobian describing the relationship
between the tendon length displacement and the related joint con-
figurations [32]. The allowable kinematic reconfiguration for the
tendon-driven fingers used in this study is set by the effective pul-
ley radii rij at each joint [28].

In underactuated two-link fingers, the fingertip point Ci can
move along some curve determined by the system’s mechanical

Table 2 Three-finger ideal kinematic workspaces (configuration C)

Type Thumb Radius (mm) Cart. err (mm) Alpha vol (cm3) PCA 1 (cm) PCA 2 (cm) PCA 3 (cm)

Human — — 4.8 3.62 2.01 0.96
Standard No-pivot (NP) — — 0.64 3.15 0.68 0.40

P, one-link 70 mm 189.68 6 1.54 244.99 2.44 3.56 1.38 0.62
P, two-link 85 mm — — 4.39 4.27 2.06 0.65
P, two-link 100 mm — — 4.62 4.40 3.00 0.59

Spherical NP 33.94 6 1.22 69.93 1.04 3.19 0.89 0.51
P, one-link 70 mm 65.30 6 0.92 45.67 2.30 6.92 1.43 0.97
P, two-link 85 mm 93.85 6 1.23 9.48 7.42 10.11 2.98 1.10

P, two-link 100 mm 95.47 6 1.38 6.59 7.76 9.67 2.86 1.09

Values greater than the corresponding human value are highlighted, and the maximum value for each workspace metric is bolded.

Fig. 11 For a constant tendon actuation length, the passive
reconfiguration of the underactuated finger from its free swing
trajectory (fCi) to its contact location on the object (Ci) deter-
mines the passive set of forces exerted onto the object
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design parameters. For contact forces of the relatively small mag-
nitudes found in precision grasps of small objects, it can be
assumed that the actuators can hold the commanded tendon posi-
tions, especially if they are nonbackdriveable or have high gear
ratios. In these cases, each underactuated finger can be simplified
as some passive spring with force output:

Fi ¼ �rðEi � f EiÞ (17)

Consequently, each stable precision grasp configuration can be
described as a passive closure constraint as introduced by Yoshi-
kawa [33], where the joint actuation force of the constraining
mechanism does not need to be actively controlled. The perform-
ance of a similar hand mechanism is described by Hanafusa and
Asada [34]. Similarly, Maeda et al. [35] have proposed a hand
composed of rigid and soft components where the user only
needed to formulate a caging configuration with the former while
grasp stability is passively determined by the latter. The achieva-
ble object workspace of the underactuated hands presented in this
study is determined by the set of actuation tendon lengths that can
produce stable precision grasps.

5.2 Rotary Fingertip Design. The hand-object model
detailed in Sec. 2 assumes point contact with friction, whose kine-
matic equivalent is a spherical joint, at the hand-object interfaces.
In practice, an idealized point contact with friction is difficult to
maintain in physical systems. To help enforce this stable contact
assumption and mechanically minimize undesirable rolling and
slip, we introduce a passive, rotary fingertip design. A physical
point contact simplifies the model by disregarding the effects of
local surface curvatures during manipulation. This approach pro-
poses that maintaining the no-slip contact condition is a more
robust manipulation strategy than modeling the deformation and
rolling behavior of some fingertip with respect to particular object
surfaces.

Figure 12 shows the basic components of the rotary fingertip: a
cast, soft, urethane shell, a cylindrical magnet press-fit inside the
shell, a countersunk nylon washer serving as the low-friction slid-
ing surface of the joint, and a magnetic sphere. The urethane
shells were cast in 3D-printed molds using Vytaflex 40 [36], a
two-part urethane rubber with shore hardness 40. The magnetic
sphere is affixed to an M3 bolt with epoxy and sandwiches the
nylon washer against the embedded cylindrical magnet. Using
two magnets to sandwich the nylon washer ensures that the finger-
tip resets to a consistent configuration when not in contact with an
object.

Various fingertip geometries, shown in Fig. 13, were evaluated.
The icosahedron (I) was proposed in the authors’ initial work on
the spherical hands to maximize the points of contact between the

fingertip and object for unknown, local object geometries. The
rotary disk (D) geometry was introduced to maximize contact
with known, flat surfaces and minimize surface rolling. Both
rotary (R) and static round (SR) geometries were also imple-
mented to provide a control reference.

5.3 Experimental Setup. Figure 14 summarizes the test
setup used to evaluate the achievable physical workspace of the
actuated hands. The triangular test object is the same size as the
one used in the unactuated, kinematic experiments, albeit without
embedded magnets at the points of contact. The hand is positioned
with the palm facing downward so that only precision prehensile
grasps are allowed; the object should never be simply resting on
the fingertips in a nonprehensile manner. A single trakSTAR sen-
sor was affixed to the center of the object with adhesive.

Figure 15 shows the modifications made to the Model O, an
open-source, 3D-printed hand design based on the iHY. The actu-
ated hand used for the experiments incorporates 4 Dynamixel
MX-28 servos, 3 of which each drive an underactuated finger via
a single tendon. The 4th actuator controls the abduction/adduction
between the two nonthumb fingers via a geared transmission and

Fig. 12 The rotary fingertips were constructed of a monolithic,
cast urethane shell, a neodymium sphere bonded to an M3 bolt,
a nylon countersunk washer, and a neodymium disk embedded
in the fingertip

Fig. 13 Multiple fingertip designs were evaluated: (a) rotary
icosahedron (I), (b) rotary disk (D), (c) rotary round (R), and
static round (SR)

Fig. 14 Test setup for experimental workspace evaluation. The
hand is held upside down in a fixture for test grasps and manip-
ulation motions.
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is traditionally used to transition the hand between configurations
for power grasping and precision pinch grasping.

The workspace was assessed by discretely exploring the actua-
tion space and recording the motion of the object. The actuation
tendon for each finger was adjusted by 1.5 mm increments, and
the abduction/adduction base rotation was held static in configura-
tion C to satisfy the spherical hand constraint, shown in Fig. 8.
For each target actuation state, the object was first manually
placed in the same stable precision grasp in order to keep the
manipulation results independent of the grasp acquisition repeat-
ability. The hand was then commanded to each target actuation
state and then back to the initial precision grasp. The object pose
was recorded if the object did not drop out of a stable grasp con-
figuration, and the Cartesian displacement from the initial and
final grasps did not exceed 25 mm.

The object workspace could not be evaluated continuously
because grasp stability and contact invariance could not be guar-
anteed between commanded motions. Past work [18] showed that
contact conditions were difficult to maintain, leading to prevalent
slip and rolling at the fingertip during motion trials, which is
expected for an underactuated hand-object system. However, slip
and rolling can be adequately repeatable, resulting in motion
primitives that are still useful. The acquired experimental results
represent the upper bounds of the achievable mechanical capabil-
ity of the hand.

Three trials were run for each fingertip design and both pivoting
and nonpivoting thumb bases. For the standard hand design, all
three fingers were the same size, with overall length 100 mm,
proximal link length 62.5 mm, and distal link length 37.5 mm. The
spherical hand morphologies use a shorter, 85 mm long thumb, for
increased grasp stability, based on qualitative results from the
author’s initial study on spherical hands [18].

5.4 Experimental Results. Compared to the continuous
workspace data from the unactuated, manual test setup, the rela-
tively limited experimental workspace data from the actuated
hands is sparser and consequently more susceptible to outliers,
even after running the outlier removal algorithm detailed in Sec.
4.2. Projected views for an example workspace dataset are shown
in Fig. 16. Workspace volume is reported as both alpha volume
and the principle component analysis (PCA) volume, equal to the
volume of the ellipsoid formed by the principal axes of the data-
set. Alpha volume is particularly sensitive to point cloud outliers,
while the PCA ellipsoid assumes a convex workspace and typi-
cally only provides an upper bound. The relevant work in human
manipulation [21] used voxel binning, which is dependent on the
selection of voxel size and also performs best with dense point
clouds. Despite these challenges, the experimental results provide
a reasonable relative benchmark for evaluating the utility of the
finger designs, incorporation of the thumb base pivot, and the dif-
ferent rotary fingertips.

The model predicts that all instantaneous motions are about the
predicted common center, and a change in contact conditions

merely shifts the object trajectory radially from this center. How-
ever, without being able to track the amount of slip or rolling at
each contact, the measured workspaces alone were not sufficient
to confirm the common center in the spherical hand design.
The main goal of this experimental setup with the actuated hand
was to determine whether changes to finger curvature and finger-
tip design would compromise or enhance the achievable in-hand
manipulation workspace.

The principal axes and PCA volume for the Cartesian workspa-
ces shown in Table 3 suggest that there is an overall decrease in
performance for the spherical hand when compared to the stand-
ard hand design. This is consistent for all fingertip and thumb base
combinations. This may be largely due to the actuated free-swing
trajectory of the curved fingers. For the base configuration used in
these tests and with a single actuation tendon per finger, the force
output of traditional fingers is always directed toward the center
of the hand, but that is not the case for the curved finger design.
Despite the simplicity of the hand, the achievable principal com-
ponents of the measured workspace are not substantially less than
those found in human workspaces.

The alpha volume metric suggests the opposite conclusion for
certain design parameters. A higher alpha volume, especially for
sparse datasets, suggests a greater number of outliers. These out-
liers are most likely due to slip or rolling conditions. Qualita-
tively, it was noted that the icosahedron fingertip in particular
tended to reconfigure in larger, discrete motions instead of in a
continuous manner, due to its geometry. The inclusion of these
outliers in the dataset indicates that they are repeatable and mini-
mize the accumulated Cartesian error when returning to the initial
pinch pose, but they are still undesirable due to their dependence
on the object’s material and geometry properties.

The use of standard fingers produced larger principal axes with
the pivoting thumb base but had a greater alpha volume with a
static thumb base. If the larger alpha volume is indeed due to
effects from slip and rolling, then this may suggest that introduc-
ing compliant, passive degrees-of-freedom in the finger structure
can help compensate for undesirable contact conditions through
system reconfiguration. This has been previously proposed in a
theoretical framework on dexterous manipulation with underactu-
ated hands [8] and validated in prior experimental evaluations of
planar manipulation systems [31].

Of the fingertips designs, all improved upon the baseline Model
O design (shown in Fig. 15(a)) with fingertips originally designed
for power grasping. The rotary disk fingertips augmented the
existing design the least. Even with the spherical joint, the disk
geometry often did not maintain contact with the object on its sin-
gular face. The rotary round fingertip performed well in maximiz-
ing the angular workspace (Table 3), particularly in improving the
operation of configurations with a static thumb base. Notably, the
static round fingertip was not a significant downgrade from the
rotary alternatives, especially for the designs using the additional
pivot in the thumb base, again indicating that to optimize for
robust contact conditions during manipulation, designing for

Fig. 15 The design progression from the (a) OpenHand Model
O, to the (b) standard fingers with specialized fingertips, to the
(c) spherical hand layout, in this case with a two-link thumb of
static base

Fig. 16 Experimental manipulation workspace for the spheri-
cal hand utilizing rotary round fingertips and a thumb base with
pivot providing the additional passive degree of freedom. The
light gray overlay shows the calculated alpha shape for the
respective projection.
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reconfiguration through underactuation in the fingers may be a
viable alternative to modifying the fingertip complexity.

6 Conclusion

This paper proposed and evaluated underactuated spherical
hand morphologies inspired by work in parallel mechanisms to
reduce the complexity of planning and executing in-hand dexter-
ous motions with multifinger robot hands, without sacrificing the
passive adaptability in power grasping of standard underactuated
hand designs. The spherical hand concept predicts a manipulation
workspace with a common center, independent of the object prop-
erties or hand configuration. This property was validated through
a physical test model that preserved ideal point contacts. Morpho-
logical changes in thumb and fingertip design proposed in the
spherical hand concept were also applied to a standard three-
finger, medium-complexity hand topology used in several com-
mercial offerings [11,12], and it was shown that the precision
manipulation workspace was improved.

Maintaining robust and favorable contact conditions remains a
considerable challenge. Models typically assume well-defined and
deterministic contact constraints. Slip and rolling during manipu-
lation tasks was common despite the implementation of the pas-
sive rotary fingertips to maintain point contact constraints.
Although these effects were often repeatable and did not always
result in a loss of grasp stability, variable contact conditions make
planning and control difficult, even when the kinematic topology
is designed for a particular motion profile.

Experimental trials utilizing the passive thumb base pivot sug-
gest that reconfiguration in underactuated systems can be lever-
aged to mitigate undesirable contact conditions. The degree of
freedom due to the passive thumb base pivot has not been tested in
any prior hand designs, to the authors’ knowledge. Furthermore, an
optimization of the mechanical design parameters to maximize pre-
cision grasp stability was beyond the scope of this study. Additional
underactuation may be worth the cost if the reconfiguration is pre-
dictable, and contact variance can be minimized.

While there have been many proposed contact models and con-
trol schemes for in-hand dexterous manipulation, they typically
make the assumption that slip or loss of contact can be either
tracked or minimized to a negligible amount through control. This
is rarely the case in practical systems, especially those outside of
well-structured research environments. This study suggests that
underactuated morphologies can make the primary passive system
reconfiguration predictable, and consequently minimize the need
to track or account for contact behaviors which may be difficult to

model, such as rolling and slip. The spherical hand morphologies
provide insight into the expected object workspace regardless of
the change in contact state, albeit only for the instantaneous
motion given the expectation of changing contact conditions. Fur-
ther future work investigating novel modifications to traditional
robotic hand components may reduce the amount of necessary a
priori object knowledge required for precision manipulation and
make such task primitives more robust to errors accumulated from
inconsistent contact conditions.
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