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In this work, the design, modeling, dimensional synthesis, 
and experimental characterization of a dexterous robotic 
hand based on the Stewart�Gough parallel manipulator 
are presented. The mechanism consists of three parallel 
linkage fingers with six prismatic actuators that control 

manipulation. An additional actuator maintains stable 
grasping forces. A computational model to predict the 
hand�s workspace is then utilized to determine the optimal 
design parameters that maximize the workspace size and 
manipulability. A physical prototype based on the optimized 
parameters is built and experimentally characterized to 
assess its performance (Figure 1).

The hand demonstrates a large range of motion in all spa-
tial degrees of freedom (DoF). Even with a simple open-loop 
controller, high accuracy/precision were observed in most of 
the primary motion directions, with only slightly decreased 
accuracy in the plane parallel to the palm.  The potential of 
closed-loop control was demonstrated in a teleoperation 
task, where an operator  performed a 6-DoF peg-in-hole 

insertion task with variously shaped blocks. The hand design 
will be made freely available through the Yale OpenHand 
Project to facilitate future research efforts in this area.

Background
For nearly all robotic applications, it is necessary for a robot to 
physically interact with its environment, altering the land-
scape through which it navigates. While some constrained 
tasks (such as those found on manufacturing assembly lines) 
can be accomplished with single-purpose end effectors, more 
complicated unstructured tasks typically require a general-
purpose robotic hand that can adapt to objects with varied 
geometries and mechanical properties. During the past centu-
ry, hundreds of robotic hands have been proposed in the liter-
ature for applications such as assistive robotics, prosthetics, 
teleoperation, and logistics [1].

While many of the hands proposed to date focus on sim-
ply grasping an object, it is often beneficial to manipulate an 
object to reposition it within the hand. This within-hand 
manipulation strategy has been demonstrated to increase 
energy efficiency, accuracy, and obstacle avoidance for 
manipulation tasks [2]. Given the impressive dexterity of the 
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human hand, the vast majority of robotic hands intended for 
within-hand manipulation adopt an anthropomorphic 
design, wherein a set of three to five fingers consisting of a 
serial arrangement of revolute joints is utilized [3]. This 

design has a number of benefits given the simple forward 
kinematics of the fingers and the relative degree of intuition 
for human operators. That said, there are a number of draw-
backs, as well, due to the high actuation and sensing complex-
ity of the architecture [14], [15].

One of the biggest challenges arises from the fact that 
anthropomorphic hands are kinematically redundant, having 
more actuators in the mechanism than spatial DoF at the 
object. This requires advanced control algorithms to synchro-
nize the motions of all the actuators so as to maintain a stable 
grasp on an object. If this controller has too much latency or if 
inadequate sensory information is available, the hand can 
drop the object. This complexity often limits the utility of 
these hands for general-purpose applications even if they are 
capable of complex manipulation in controlled settings. Thus, 
it is desirable to limit or avoid kinematic redundancy in the 
mechanism design of dexterous robotic hands.

An alternative design ideology can be found in parallel 
robotic manipulators [12]. Unlike anthropomorphic hands�
which are usually fully actuated at all DoF along the fingers�
parallel robots typically have only one actuator on each �leg� 
of the mechanism, while the remaining joints are passive. 
This results in underactuated legs, with the remaining kine-
matic constraints coming from the addition of the end effec-
tor platform. Such a manipulator has no kinematic 
redundancies and has only one actuator for each spatial DoF. 
This has a number of benefits in terms of simplifying the con-
trol of the manipulator.

A number of efforts have recognized similarities 
between robotic hands and parallel manipulators (wherein 
the grasped object is analogous to the end effector plat-
form, and the fingers to the mechanism legs). Some efforts 
have sought to exploit this similarity by applying parallel 
robot analysis techniques to robotic hands [16]. Addition-
ally, a few robotic hands have utilized parallel mechanisms 
in their finger designs. Many of these contributions are 
summarized in Table�1. In one instance, an underactuated 

Table 1. A comparison of mechanism architectures.
Kinematic Architecture Kinematic Constraints

Work Palm Fingers Hand Palm Fingers Hand

Anthropomorphic hands [3], [4] — Serial Parallel — Exactly constrained Overconstrained

Yale OpenHand Project [5] — Serial Parallel — Underactuated Underactuated

Laliberté and Gosselin, 2000 [6] — Parallel Parallel — Underactuated Underactuated

Tanikawa et al., 2000 [7] — Parallel Parallel — Exactly constrained Overconstrained

Nefzi et al., 2006 [8] — Parallel Parallel — Exactly constrained Overconstrained

Jin et al., 2020 [9] — Parallel Parallel — Exactly constrained Overconstrained

Yuan et al., 2020 [10] — Parallel Parallel — Exactly constrained Overconstrained

Cui and Dai, 2011 [11] Parallel Serial Parallel Exactly constrained Exactly constrained Overconstrained

Parallel Mechanisms [12] — Either Parallel — Underactuated Exactly constrained

McCann and Dollar, 2017 [13] — Parallel Parallel — Underactuated Exactly constrained

Figure 1. The physical prototype of the proposed 6-DoF Stewart 
Hand presented in this work, performing a teleoperated 
dexterous manipulation task.
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mechanism based on four-bar linkages was utilized to 
achieve underactuation at the hand level; however, within-
hand manipulation was not the objective [17]. Otherwise, 
to the authors� knowledge, all other published examples of 
parallel mechanism finger designs have been fully actuated 
[7]�[10]. Such a system is overconstrained, yielding many 
of the same control complexities found in anthropomor-
phic designs since the motions of all joints must be strictly 
coordinated to maintain a stable grasp on an object.

Our work seeks to address this point by presenting a 
robotic hand intended for within-hand manipulation based 
on the Stewart�Gough platform parallel mechanism. Unlike 
other parallel hand designs, this one has underactuated fin-
gers and is exactly constrained, resulting in a system with as 
many position-controlled actuators as spatial DoF. A very 
simple open-loop control strategy is capable of achieving 
6-DoF manipulation without the risk of losing grasp stabili-
ty. Preliminary conference papers on the topic presented a 
proof-of-concept prototype hand [13] and a computational 
analysis of the architecture that identified an optimal set of 
design parameters that balanced manipulability with a 
6-DoF workspace size [18]. In this current work, we present 
a final �optimized� design (Figure�1) that implements the 
results of the computational study, and we experimentally 
characterize the hand through a number of physical experi-
ments examining spatial dexterity and accuracy.

Mechanism Concept and Dimensional Synthesis

Mechanism Overview
The design presented in this work is schematically depicted in 
Figure 2, which illustrates the kinematic joint structure and the 
pulley differential used to close the hand. Both representations 
have been simplified for illustrative purposes. The design 
includes three fingers, each consisting of a revolute joint at the 
base, a planar linkage with two revolute�prismatic�revolute 
kinematic chains, and a spherical joint that enables a compliant 
fingertip to reorient during object manipulation. In each finger, 
the prismatic joints are actuated in position control (to facilitate 
manipulation), and the revolute joint at the base is actuated in 
torque control (to apply a constant, inward torque that main-
tains frictional contact forces on an object). All other joints are 
passive. While it is necessary to apply this inward torque at the 
base of each finger for stability, it is not desirable to impose a 
kinematic constraint at this joint, as this would overconstrain 
the mechanism and result in control redundancies. To avoid 
this issue, a floating pulley differential couples these three joints 
to a single revolute actuator mounted in the palm of the hand. 
This actuator is then operated in a torque-controlled mode to 
avoid imposing any additional kinematic constraints.

The advantages of this approach become apparent when 
considering the control of the system. The single �grasp actua-
tor� can simply be set to a constant torque value when an 
object is being grasped and then must merely maintain this 
torque for the duration of the grasp. Thus, all manipulation 
occurs as a result of the motion of the six prismatic actuators. 

This yields an exactly constrained system that is very simple 
to control with minimal sensing. By utilizing linear servo 
motors with built-in, low-level position sensing/control, it is 
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Figure 2. A schematic representation of the hand mechanism, 
showing (a) the kinematic joint structure, (b) the pulley 
differential used to apply equal torque to each of the fingers 
with a single motor, and (c) the finger normal and contact 
coordinate frames at each fingertip used during the analysis.
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possible to realize complex within-hand manipulation tasks 
with an otherwise open-loop controller. In fact, the only addi-
tional sensors included in the design are potentiometers that 
measure the angles of the revolute joints at the base of the fin-
gers. These values are used only immediately after an object 
has been grasped to estimate its shape/size between the fin-
gertips. Once this measurement has been taken, the ensuing 
manipulation can be carried out by commanding position 
values to the linear actuators, without any additional sensory 
input. This greatly simplifies the control of the system.

Theoretical Workspace Modeling
To make the hand as versatile as possible for real-world grasp-
ing applications, it is desirable to maximize the 6-DoF work-
space size. To assess different hand designs according to this 
criterion, a computational model was developed to predict 
the stable workspace [18]. To determine whether a given pose 
lies within the workspace of the hand, it is necessary to con-
sider kinematic and frictional factors. Kinematic limits can be 
easily considered by computing the inverse kinematics of the 
hand and ensuring that all joint limits are obeyed [13]. Fric-
tional considerations are included by calculating the vector of 
nine independent reaction force components at the fingertips, 

,fc  when an object undergoes a 6-DoF external wrench, .Fe  
These contact forces must lie within the stable friction cone of 
the fingertips, as determined by the coefficient of friction. 
These contact forces can be mapped to the external wrench 
via a grasp matrix [19]:

	 .f FG c e� � � (1)

This system is rank-deficient for a three-fingered hand, so 
it is typically not possible to uniquely solve for the contact forc-
es given an external wrench. In this case, though, the system 
can be augmented to yield a unique solution by utilizing the 
fact that the component of the reaction force normal to the 
plane of each finger must exactly counter the grasping torque, 

,G�  exerted by the differential at the base of the finger. To 
express this constraint for the ith finger, two coordinate frames 
are defined [Figure 2(c)]: one ( )Ci  at the contact location on 
the fingertip, with its z-axis along the inward normal of an 
object, and the other ( )Ni  at the spherical joint, with its z-axis 
normal to the plane of the finger facing inward toward the 
object. The contact wrench can be expressed in each frame as

	 ,F FAdN g
T

Ci N C i1
i i

� � � (2)

where the mapping is defined by the adjoint transformation 
matrix [19]. If the current pose of the hand places the spheri-
cal joint at a radius of ri  from the base of the finger, the z 
component of the force in the Ni  frame is known and can be 
written as

	 ,r fAd QUG i g
T

i cN C
1
i i

� � � � (3)

where U  and Q i  are indexing matrices used to select appro-
priate components (for further details, see our previous work 

[18]). Here, FCi  has been expressed in terms of the nine inde-
pendent components of .fc

Augmenting the original equilibrium expression with 
these constraints yields a full-rank system:
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This system can be inverted to yield the unknown contact 
forces, .fc  Once these forces are obtained, the friction cone sta-
bility criteria can be checked to determine whether a particular 
pose lies within the frictionally stable workspace of the hand.

Computational Optimization
The model described in the previous section can determine 
whether a given pose of a certain hand design is feasible or 
not based on kinematic and frictional constraints. To utilize 
this model to optimize the hand design, an overall design 
quality metric was defined to maximize the 6-DoF work-
space volume. In addition to the workspace size, it is also 
important to consider the manipulability of the hand to 
ensure that singular configurations are avoided. For this pur-
pose, the local transmission index (LTI) was calculated at 
each pose [20]. The LTI value ranges between zero and one, 
with zero indicating a fully singular pose and one represent-
ing ideal motion transmission. To assess a given hand design, 
a large regular grid of workspace poses was sampled and 
assessed using the model for a number of different external 
wrench directions. A quality metric was defined by summing 
the LTI across all poses found to lie within the workspace.

Four key design parameters were identified for the hand 
(where all length scales have been normalized by the fully 
extended prismatic actuator length, ),�  as in the following:

●� palm radius, /rp �
●� spherical joint normal offset, /n �
●� finger base angle (in the plane of the palm), �
●� prismatic actuator stroke length, / .s �

A grid search was performed by varying each of these 
parameters and testing the design for a number of different 
object sizes and external wrench directions. Not surprising-
ly, it was found that maximizing the relative actuator stroke, 
/s ,�  always improved the design quality. For the remaining 

three variables, a less trivial result was found, as illustrated 
in Figure�3. It can be seen that there exists a locally optimal 
set of design parameters. The optimal design had the fol-
lowing parameters:

●� / . .r 0 361p � �
●� / . .n 0 044� �
●� . .1 222 70 �� � � �
●� / . .s 0 5� �

It is worth noting that this was the maximum tested value 
of /s �, but longer actuator strokes would always be desirable if 
possible, given manufacturing constraints. In addition to 
identifying this optimal design, one can note from Figure 3 
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that the performance degrades most steeply when the palm 
radius is increased. Thus, this is an important variable to pri-
oritize when designing a physical prototype of this hand.

Optimized Prototype Design
Building off the optimization results, a prototype hand was 
designed using the ideal design parameters [Figure 4(a)]. To 
promote the use of this novel class of manipulators by other 
researchers, the design has been made available through the 
Yale OpenHand Project [5]. The hand was designed to be fab-
ricated from commercially available hardware, 3D-printed 
parts, and standard servo motors (Actuonix L12-50 and 
Dynamixel XH-430), making it accessible to others interested 
in the technology. One of the custom components was found 
to be most robust when it was crafted from machined/water-
jet-cut aluminum sheet stock, but it can be laser-cut from var-
ious plastics or wood for low-force applications.

One of the key insights from the design optimization was 
that maximizing the relative stroke length of the linear actua-
tors is critical to achieving as large a workspace as possible. 
There is a limited number of commercially available linear 
servo motors at a size appropriate for robotics hands, with 
most exhibiting a stroke ratio ( / )s �  of approximately 0.3. To 
proportionally increase this value, the actuators were mounted 
in a �submerged� position underneath the base of the finger 
[this length offset is depicted in Figure 4(b)]. This necessitated 
shifting the actuators away from the revolute joint axes at the 
bottom and top of the finger. Moreover, the linear actuators 
were staggered to minimize unnecessary additional length at 
the top of the finger. Through these adjustments, the prototype 
exhibits / . ,s 0 62� �  which is greater than the maximum value 
tested in the grid search and thus should yield even better 
hand performance. The actuators could not be offset lower 
underneath the finger, as this would result in collisions with 
the pulley differential under the palm of the hand.

The fingertip design for this hand exhibits a number of 
improvements over the iteration presented in [13]. The first 

version used a magnetic spherical joint design wherein a 
spherical magnet and a disk magnet attracted each other 
[Figure 4(c)], simultaneously holding the fingertip on the 
hand and providing a restoring moment to realign the fin-
gertip when a grasp was completed [13]. Strong magnets 
were required to hold the fingertip in place; however, this 
resulted in large rotational moments that resisted the reori-
entation of the spherical joint. The new iteration of the 
design�also shown for comparison in Figure 4(c)�decou-
ples these loads by using a single disk magnet to anchor the 
fingertip to a ferromagnetic sphere. A set of five cast silicone 
rubber leaf springs serves to reorient the fingertip. By adjust-
ing the cross section of the leaf springs, the restoring 
moment can be precisely controlled. The magnetic spherical 
joint enables a much larger range of motion than most com-
mercially available ball-and-socket joints since, traditionally, 
the socket must cover more than half of the sphere to main-
tain geometric closure on the ball�a constraint not present 
in a magnetic implementation.
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Figure 3. The simulated performance landscape as a function 
of the primary design variables: the palm radius, finger base 
opening angle, and spherical joint normal offset. The three 
planes intersect at the identified optimal design.
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Figure 4. CAD illustrations of the hand prototype developed using the optimized design parameters, highlighting (a) the full hand 
architecture, (b) finger design considerations, and (c) fingertip design alterations between an earlier version presented by the authors 
(right) and the improved scheme (left). 
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As with any physical prototype, a number of design com-
promises were made during development. Given the impor-
tance of the palm radius as identified in the simulation results, 
this parameter was considered nonnegotiable. While the final 
hand design successfully achieves all the design parameters 

found in the optimization, it does have limits on the motion 
of the revolute joints at the base of the fingers, due to self-
collisions. The simulated workspace considering these factors 
is shown in Figure 5.

Experimental Characterization
The goal of this study was to determine how the perfor-
mance of the optimized Stewart Hand compares with its 
simulated performance. To evaluate this difference, the 
workspace of the physical hand is quantitatively analyzed 
through single and multi-DoF characterizations, manipu-
lation range-of-motion and qualitative grasping experi-
ments with a variety of representative objects, and 
teleoperated tests with the hand mounted on a whole-arm 
manipulation (WAM) robot arm simulating real-world 
applications.

Methods
For the range of motion experiments described later in the 
article, the Stewart Hand was supported on a frame, with the 
palm facing down and a fixed camera pointing up at the 
hand. This orientation during object manipulation was seen 
as a more realistic representation of the hand�s interactions 
with objects when mounted on a robot arm. This also makes 
manipulation tasks more difficult, as gravity can eject objects 
from the hand instead of allowing the palm to catch them. 
The fixed camera at the bottom of the frame was used to 
record the position and orientation of grasped objects.

For single-axis characterization, a 60-mm-diameter 
sphere object with an ArUco marker on a small, flat face was 
used to record position and orientation errors under open-
loop control [21], [22]. This object also housed a magnet on 
the flat face to interface with the reset mechanism shown in 
Figure 6. The reset mechanism consisted of a swing arm that 
situated the sphere at the home position before each grasp. 
This arm also prevented any pregrasp motion of the object 
and ensured the repeatability of the object�s starting position 
and the location of the finger contacts at the initial grasp. 
The object was tethered by a thin cable originating from the 
palm of the hand. The tether served to pull the object 
toward the palm after a manipulation sequence was com-
pleted and to position the object on top of the swing arm. 
This tether did not support the weight of the object and 
turned slack before the object was grasped so that it did not 
interfere with manipulation. The reset mechanism enabled 
faster and more consistent data collection by automat-
ing object repositioning, and it eliminated variability 
across manipulation sequences by standardizing the initial 
grasp configuration.

The tendon differential mechanism across the three fin-
gers enables us to perform simple open-loop control for 
both the grasping and manipulation of arbitrary objects. 
The grasping actuator is commanded to a closing torque, 
and the differentially driven fingers conform to the shape of 
the object. During manipulation, the fingers can give and 
take tendon freely through the differential, thus enabling 
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Figure 5. The simulated prototype hand workspace, considering 
joint limits and self-collisions along with frictional and kinematic 
constraints.
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Figure 6. An experimental characterization test setup with the 
Stewart Hand facing down. A marker detection camera points 
up at the hand. The reset mechanism (consisting of a cable to 
reset the object and a magnetic arm used to steady the object to 
prevent swaying) repositions the object before each grasp. The 
yellow board is employed prior to the experiment to calibrate 
the global coordinate frame of the camera.
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