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Abstract— The manipulation of objects is an inherent capability of dexterous human hands. However, state-of-the-art
prostheses are limited to only forming grasps and gestures due
to the low information transfer rate in the human-machine
interface. Additionally, in the prosthetic setting the hand is
not privy to such global knowledge including the object’s
shape, weight, friction properties, etc. Existing techniques from
robotics that can manipulate objects in this prosthetic setting
require compensation terms which are counterproductive to
the manipulation task. The incorporation of tactile sensing
leads to a simpler control formulation and enables relaxation
of several restrictive assumptions inherent in the robotics
applications. In this work a novel control system is proposed
that incorporates tactile sensing for object manipulation and
optimal distribution of contact forces for prosthetic hands.
Simulation results demonstrate the ability of the proposed
control system to manipulate an object, while minimizing the
use of frictional forces during manipulation.

I. I NTRODUCTION
Despite advances in technology, prosthetic hands are well
behind a human hand’s capabilities. The main limitation of
current prostheses lies in the human-machine interface [1],
[2]. Current technology can only gather a low number of
signals from the user to command the prosthesis. As the hand
complexity and number of degrees of freedom increases, a
sophisticated interface is needed to map the few input signals
to the many commands and/or tasks of the hand. Despite this
limitation, many prosthetic hands have been developed to
improve the quality of living of amputees. However most
research is focused only on improving grasp capabilities.
Little focus has been given to a key dexterous capability
of human hands: manipulation.
One of the classifications of object manipulation is inhand manipulation where an object is translated and/or
rotated within a grasp [3]. With only grasp capabilities,
manipulation tasks using typically available prostheses would
require bulk movement of the arm. For example, to open a
water bottle the user would need to form a grasp around
the cap, then rotate his/her entire arm to unscrew the cap.
These large motions lead to user fatigue, poor performance,
and physical limitations in constrained environments that
affect the quality of living for amputees [3]. Many amputees
are forced to change their occupation due to the lack of
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dexterity in today’s prosthetic technology [4]. Alternatively,
in-hand manipulation exploits hand dexterity to efficiently
accomplish these everyday tasks.
Current state-of-the-art prostheses are focused on solving
the interface’s low bandwidth problem using techniques such
as finite state machines, pattern recognition, and postural
synergies [5], [6]. However those approaches are mainly
focused on forming gestures or grasp types without regard
for grasp stability. The system becomes more complex when
considering the nonlinear dynamics of a hand holding an
object. An alternative approach is to embed a degree of
intelligence in the prosthesis to deal with the nonlinear
system as the user focuses only on task-related commands.
The robotics field has had many advances regarding grasp
stability and in-hand manipulation. However many of the existing results from the robotics literature embed assumptions
of known object properties that are not readily available in
the context of powered prosthetic hands. One exceptional
technique [7], [8] has provided a solution to stably manipulate objects without external sensing or knowledge of the
object’s properties. However the technique requires counterproductive control terms and conservative assumptions to
avoid using external sensors. Additionally, that approach
heuristically distributes the contact forces over the object,
which limits the grasping capabilities of the hand.
This work proposes a novel technique that incorporates
tactile sensing to enhance the prosthetic hand’s capability.
Existing tactile sensors and slip prevention methods [9]
are used to remove unnecessary control terms and relax
conservative assumptions. Additionally, the use of tactile
sensing allows for a novel implementation of grasp force
optimization to optimally distribute the contact forces. This
work moves towards improving the quality of living of amputees by restoring the dexterous capability of manipulation
on prosthetic hands.
This paper is organized as follows. Section II defines
the nonlinear hand and object dynamics. Section III defines
the proposed control law to provide grasp stability and
manipulation for prosthetic hands. Section IV presents and
discusses the results of implementing the proposed control
law on a hand-object system in simulation.
II. S YSTEM DYNAMICS
Consider a multi-fingered hand grasping a rigid, polyhedral object at k contact locations. Each finger consists
of n joints with hemispherical fingertips. Let the finger
configuration be defined by the joint angles, θi  Rn . The full
hand configuration is defined by the full joint angle vector,

θ = (θ1T , θ2T , ..., θkT )T  Rm , where m = nk. Let the inertial
frame, P, be fixed on the palm of the hand, and let each
finger i have a finger base frame, Si , and a fingertip frame,
Fi , located at the position pfi  R3 as shown in Figure 1.
The motion of the joints is related to the fingertip motion
by the spatial Jacobian, Jsi (θi )  R6×n :

 

vi
Ji
=
θ̇i = Jsi θ̇i
(1)
ωi
JΩi
where vi  R3 is the ith fingertip translational velocity, ωi  R3 is the ith fingertip angular velocity, and
Ji , JΩi  R3×n are the translational and rotational components of Jsi , respectively. The joint motion is related to
the velocity of the ith contact point via the hand Jacobian,
Jhi  R3×n [10]:


Jhi = I3×3 −(pcfi )∧ Jsi
(2)
where I3×3  R3×3 is the identity matrix and pcfi  R3
is the vector from ith fingertip to the ith contact point. Let
pcf denote the concatenation of all contact point vectors,
pcfi . The full hand Jacobian, Jh  R3k×m , is constructed
by combining each Jhi into a block diagonal matrix for i =
1, ..., k.
Each fingertip exerts a contact force on the object at
contact i, denoted by fci  R3 . If expressed in the contact
frame, Ci , let fci = (fxi , fni , fzi )T where fxi , fzi  R
are the tangential components and fni  R the normal
component of the contact force. Let each contact force vector
be concatenated into the full contact force vector, fc  R3k .
The dual form of the hand jacobian, JhT , describes the
interaction from object to hand by mapping this contact force
onto the corresponding torque applied at the hand joints. The
dynamics of the hand are given by [11]:
Mh (θ)θ̈ + Ch (θ, θ̇)θ̇ + Nh (θ, θ̇) = −JhT fc + τ

(3)

where Mh , Ch  Rm×m are the respective inertia and coriolis
matrices, Nh  Rm represents the remaining forces such as
gravity and friction that act on the joints, and τ  Rm is the
joint torque control input for a fully actuated hand.
Let the object’s configuration be defined by the combined
position and orientation vector, x  R6 . The orientation of the
object is represented by the rotation matrix, Rpo (x)  R3×3 ,
which maps the object frame, O, to the inertial frame, P.
Each finger contacts the object at the respective contact point,
pci  R3 , and the position vector from the object frame to
said contact point is pcoi  R3 . A visual representation of
the contact geometries between the ith finger and the object
is shown in Fig. 1. Note that in this paper the ith contact point
refers to the origin of the Ci frame, and the ith fingertip refers
to the origin of the Fi frame.
The grasp map, Gi  R6×3 , maps the contact forces, fci ,
to the corresponding wrench acting on the object. The dual
form of the grasp map, GTi , maps object motion to the
velocity of the ith contact point. This grasp map can be
computed by [10]:


GTi = I3×3 −(pcoi )∧
(4)

Fig. 1: A visual representation of contact geometries for
contact i.
The full grasp map, G = [G1 , G2 , ..., Gk ]  R6×3k , maps the
full contact force vector to the net object wrench. The object
dynamics are given by [11]:
Mo (x)ẍ + Co (x, ẋ)ẋ = Gfc + we

(5)

where Mo , Co  R6×6 are the object’s respective inertia
and coriolis matrices and we  R6 is an external wrench
disturbing the object. The hand and object kinematics are
related by the grasp constraint [11]:
Jh θ̇ = GT ẋ

(6)

Assuming that the contact points do not slip on the object
surface, their motion is constrained by this nonholonomic
rolling constraint [10].
In this work, object manipulation is defined as reaching a
static object configuration, xd  R6 , where the hand-object
system is not moving. Due to the constraints of the prosthetic
hand, the object position and orientation are not known a
priori, and so related work focuses on translating and rotating
an auxiliary object position and orientation defined by the
hand configuration [7], [8]. Let this auxiliary object state be
represented by xa ∈ R6 , and let η := [θ̇ T , ėT , eT ]T be
the hand-object state, where e := xd − xa defines the error
between the auxiliary and desired object configurations. Let
η eq := 0 denote the desired equilibrium point. Thus object
manipulation is considered to be achieved if the following
asymptotic stability condition is satisfied:
η → η eq

(7)

The goal of the control system is to determine the joint
torques, τ , to guarantee (7) is satisfied. By developing such
a control system, the human user can focus on commanding
the desired object configuration, while the control system
deals with the nonlinear complexities for grasp stability.
III. P ROPOSED M ANIPULATION C ONTROLLER
The robotics approach from Kawamura et. al. [7], [8]
provides a framework for object manipulation, but must be
extended to be applicable for prosthetic hands. To avoid
external sensing, that approach defines the auxiliary object
position with the centroid of the fingertip positions, p̄f  R3 ,
Pk
where p̄f = i=1 pfi /k. The auxiliary object orientation is

defined using a virtual frame computed from the fingertip positions and is represented by the rotation matrix, Rpov  R3×3
[7]. Thus in that work, the fingertip centroid, p̄f , and virtual
frame, Rpov , define the auxiliary object configuration, xa .
The assumptions used by the robotics approach include:
Assumption 1: The object is rigid and has a convex,
polyhedral shape.
Assumption 2: The hand has soft, hemispherical fingertips.
Assumption 3: No external disturbance acts on the system: we = 0, Nh = 0.
Assumption 4: The contact points do not slip on the object
surface.
Assumption 5: The hand is fully actuated and has sufficient degrees of freedom for manipulation.
The control law for the robotics approach is defined by
[12]:
kf
τ = Pk

k
X

i=1 ri

JiT (p̄f − pfi ) − Kc θ̇ + kst

i=1

+ kp

k
X

JΩTi rref

i=1
k
X
i=1

JiT (pd − p̄f ) + ko

k
X

JΩTi rd

(8)

i=1

where kf  R>0 is a reference force gain, ri  R>0 is the
radius of the ith fingertip, Kc  Rm×m is a stabilizing matrix
for feedback passivity, kst  R is a stabilizing gain term,
rref  R3 is a reference command to constrain the direction
of the rolling motion, kp and ko  R are proportional gains
for manipulation, pd  R3 is the desired object position,
and rd  R3 is the error vector between the desired object
orientation and auxiliary orientation as defined by the virtual
frame. The orientation error, rd , is related to the auxiliary
and desired object orientations: rd = rx × rdx + ry ×
rdy +rz ×rdz , where Rpov = [rx , ry , rz ] and the desired
orientation is Rpod = [rd , rd , rd ].
x
y
z
Theorem 1: [12] Under Assumptions 1-5, and given a
grasp with k contact points, the control law (8) satisfies the
following asymptotic stability condition:
Pk
k
X
di
eq
η → η ,
fni → ( Pi=1
)kf
(9)
k
i=1 ri
i=1
where di is the perpendicular distance between pfi and p̄f
with respect to the object’s surface.
As a result of avoiding external sensing, that robotics approach is dependent on the fingertip positions, pfi . However
as discussed in [12], this results in an induced rolling motion
about the contact point. To prevent this excessive rolling, the
authors implement a relative attitude constraint
Pkwhich is incorporated as the additional control term: kst i=1 JΩTi rref .
Their results show this relative attitude constraint to be
helpful for manipulation purposes, however the term itself
adds complexity in terms of more parameters to tune and acts
against the desired object motion. Additionally, Assumptions
3 and 4 are too conservative for prosthetic hands which are
used in unstructured environments and exposed to disturbances. That robotics approach must be extended to account

for the relaxation of these simplifying assumptions present
in the existing framework.
Improvements in technology have led to new tactile sensors for robotic hands [9] that can be used to develop a
novel control system from the original control law of the
robotics literature. With the appropriate tactile sensors, this
novel controller can be a function of the contact points,
pcfi , instead of the fingertip positions, pf . This removes
i
the induced rolling motion, such that the relative attitude
constraint in (8) is not necessary:
k
X


pd − p̄c
rd
i=1
(10)
where p̄c is the centroid position of all the contact
points, (·)† refers to the pseudoinverse, and Kp =
diag([kp , kp , kp , ko , ko , ko ]) ∈ R6×6 is a gain matrix formed
from the previous gain terms. The hand Jacobian is computed
using (2), and the grasp map from (4) is approximated by:


G̃Ti = I3×3 −(pci − p̄c )∧
(11)
τ = kf

JhTi (p̄c − pci ) − Kc θ̇ + JhT G̃† Kp



In this work, the auxiliary object configuration, xa , is
defined by the contact centroid, p̄c , and the same virtual
frame, Rpov , but here defined as a function of the contact
positions. It is important to note that with knowledge of
the fingertip geometry, the contact normal vector can be
determined from the same tactile sensors. This allows for
a definition of a contact frame, Ci . It is trivial to show that
pci , p̄c , and thus G̃, are functions of θ and pcf .
Note the final term of (10). In (8), the object’s rotation is
controlled by the fingertip’s rotation through the use of JΩTi .
Now that sensors are used to determine Jh and G̃, the grasp
constraint (6) is used instead to directly relate object motion
to joint motion.
With the use of tactile sensors, slip prevention methods can
be incorporated into the controller. Slip prevention works by
adjusting the grasp force applied on the object until no slip is
detected. It is currently implemented on prosthetic hands and
provides robustness to external disturbances. Here slip prevention is incorporated into the control law by adjusting the
force gain, kf . This allows for the relaxation of Assumption
4 by replacing it with the following:
Assumption 6: The slip prevention algorithm acts sufficiently fast to regulate kf , and prevent slip.
Alternatively, new technologies have emerged that provide
sensory feedback to the human user from the prosthetic
hand. If such technology is available and there is sufficient
bandwidth in the interface, the gain, kf , can be regulated by
the user to adjust the applied grasp force.
The use of the grasp map leads to an additional improvement upon the robotics technique. The first term of (8) is
used to drive the fingertips to the fingertip centroid position.
This is to apply a squeezing force on the object to ensure
the object stays within the grasp. However this is a heuristic
approach to distribute the contact forces. For more than two
contact points, there are infinitely many solutions to this

distribution problem. This is readily seen when considering
the equilibrium condition of the hand-object dynamics:
Gfc + we = 0

(12)

Recall that G  R6×3k . Thus when k > 2, and a solution
to (12) exists, the solution is not unique. With infinitely
many solutions, the question then becomes how to choose
an appropriate contact force distribution, fc ?
A technique known as grasp force optimization [13]–
[15] focuses on using optimization-in-the-loop to optimally
distribute the contact forces. However that technique requires
knowledge of an object’s friction and weight, which are not
available for prosthetic hands. A novel optimization proposed
here is to distribute the contact forces without knowledge of
we or friction properties by using grasp force optimization
alongside slip prevention. The idea is to let slip prevention
regulate the magnitude of “squeeze” on the object, while
the optimization distributes this squeeze across the contact
points. So rather than incorporating the equilibrium condition
(12) in the constraints as is done in conventional grasp force
optimization, the optimization here is only concerned with
guaranteeing that the optimal forces, fc∗ , have no effect on
the object’s motion. This novel optimization is defined by:
fc∗ (θ, pcf ) = argmin
fc
subject to

fcT W fc

(13a)

G̃(θ, pcf )fc = 0,

(13b)

k
X

fni − 1 = 0

(13c)

i=1

fni > 0, ∀i = 1, ..., k (13d)
where fc is defined with respect to the contact frame, Ci ,
such that fci = (fxi , fni , fzi )T  R3 .
Constraint (13b) guarantees that the net wrench from
the contact force is zero. This is important to prevent the
resulting solution from affecting the motion of the manipulated object. Constraint (13c) is a normalizing term, which
augments the notion that (13) is used only for contact force
distribution, not for adjusting how much the hand “squeezes”
the object. Constraint (13d) guarantees that contact forces
can only push, not pull at the contact points. For a positivedefinite matrix, W , the optimization is convex and can be
solved using a quadratic programming solver. The following
assumption is required to guarantee existence of the solution:
Assumption 7: There exist k > 2 noncollinear contact
points [10].
For the proposed control law, (13) is solved in-the-loop
and substituted into (10):


pd − p̄c
T ∗
T †
τ = kf Jh fc − Kc θ̇ + Jh G̃ Kp
(14)
rd
Note that in (13) fc∗ and G̃ are defined in the contact frame,
whereas in (14) they must be rotated to the inertial P frame.
The benefit of incorporating this novel optimization is
that by choosing an appropriate weighting, W , there is
flexibility in how the contact forces are distributed. For

example, by penalizing tangential forces at each contact,
the resulting contact force will require less friction to grasp
the object. This would reduce the need of excessive grasp
force to prevent slip, thus reducing the applied force on the
object. Thus in contrast to the previous robotics approach,
the condition on asymptotic stability for the proposed control
law is modified to include these optimal contact forces:
η → η eq , fni → kf fn∗i ∀i = 1, .., k

(15)

where fn∗i is the normal component of the ith optimal contact
force, fc∗ , defined by (13).
Proposition 1: Under Assumptions 1, 2, 3, 5, 6, 7, and
given an initial grasp with k contact points, positive-definite
weighting matrix, W , slip prevention gain, kf , and desired
object configuration, xd  R6 , the control law defined by
(14) satisfies (15).
Proof: Omitted for brevity.
Remark 1: Through incorporation of appropriate integral
action in (14), Assumption 3 may be relaxed from Proposition 1.
IV. R ESULTS
The hand-object system consists of a three-fingered hand
with nine degrees of freedom, and with rigid, hemispherical
fingertips holding a cube object. Two revolute joints are
located at the finger base and one revolute joint connects the
two links of the finger. The links all share the same dimensions and mass properties. The hand and object properties
are listed in Table I. The purpose of these simulations is
to show that the proposed controller, (14), demonstrates the
ability to manipulate the object, while optimally distributing
the contact forces. Future work will be focused on dealing
with disturbances, incorporating slip prevention, and implementing on hardware.
TABLE I: Simulation Parameters
Link length
Link mass
Link moment of inertia
Fingertip radius
Object dimensions
Object mass
Object moment of inertia
Initial θ1
Initial θ2
Initial θ3
Initial object center
Initial Rpov
kf
W
Kc
kp
ko

0.3 m
0.25 kg
diag([0.0077, 0.0021, 0.0021]) kgm2
0.06 m
0.2604 m × 0.2604 m × 0.2604 m
0.0018 kg
diag([0.0014, 0.0014, 0.0014]) kgm2
[1.047, 0, 1.571] rad
[1.047, 0, 1.571] rad
[1.047, 0, 1.571] rad
[0, 0, 0.4098] m
I3×3
10
diag([10, 1, 10, 10, 1, 10, 10, 1, 10])
0.07 ∗ I9×9
3
0.5

The simulation was performed using Matlab’s ode45 integrator. The optimization (13) was solved using the quadprog() function at each iteration of the ode45 integrator. The
simulation time was set to 10 seconds. The value of kf was
empirically chosen such that the contact points do not lose
contact with the object. In future work kf will be determined
by slip prevention algorithms.

A. Demonstration of Object Manipulation
In this simulation, the hand is commanded to reach an
object position of pd = (−0.1, 0.2, 0.4)T , while maintaining
the initial virtual frame orientation. The affect of external
disturbances on the object and hand were ignored for this
simulation. Figure 2a and Figure 2b show the initial and
final grasp configurations, respectively. The plots in Figure
3 show the joint angle rates, object position trajectory, object
orientation error, and contact normal forces for the resulting
manipulation motion.

(a) Joint angle rate trajectories.

(a) Initial grasp configuration with fingers numerically labeled and
the origin of the inertial palm frame, P, depicted.
(b) Auxiliary object position trajectory.

(c) Auxiliary object orientation error.

(b) Final grasp configuration.

Fig. 2: Grasp configurations of the hand-object system at
initial and final times. The final auxiliary object state is
defined by the position pd = (−0.1, 0.2, 0.4)T and the same
initial Rpov .
Figure 3a shows the joint angle rates converging to zero.
Figure 3b shows the auxiliary object position converging to
the reference position, pd . Figure 3c shows that the error
between the virtual frame orientation and desired orientation,
rd , converges to zero. Finally, Fig. 3d shows the normal
force vectors of each contact point reaching the optimal
values defined by the dashed black line. Notice however that
although the normal forces reach the desired optimal values
at steady state, there is some deviation from these optimal
forces when the object is in motion. This deviation is a result

(d) Normal force trajectories.

Fig. 3: Plots of the joint angle rates, object position trajectory,
and normal forces for the manipulation action. The desired
equilibrium values are defined by the dashed lines. The gain
values are as defined in Table I.

of the additional reaction forces from the object’s motion
when manipulation is performed. These figures demonstrate
the ability of the proposed control law to asymptotically
reach the desired equilibrium as defined in (15), thus achieving object manipulation with optimal force distribution. This
also shows that the proposed controller does not require the
relative attitude constraint, which adds unnecessary complexity to the original robotics control system.
B. Contact Force Distribution
A key aspect of the proposed solution is the use of the
novel optimization to distribute forces in a stabilizing control
framework. By careful choice of W , the optimization can
be used to re-distribute contact forces by penalizing the
use of tangential forces at each contact point. This results
in contact forces that reduce the required friction needed
to grasp the object. This can be seen by comparing the
required friction coefficient for a penalized weighting, W =
diag([10, 1, 10, 10, 1, 10, 10, 1, 10]), and a nominal weighting, W = diag([1, 1, 1, 1, 1, 1, 1, 1, 1]). This required friction
coefficient
p is the ratio of tangential forces to normal forces:
fx2i + fz2i /fni for i = 1, ..., k. The comparison
βi :=
between penalized and normal weights is shown in Fig. 4.

the same slip gain, kf . This prevents excess application of
force when slip prevention is implemented to avoid crushing
the object, and thus reduces the actuation effort of the multifingered hand.
V. C ONCLUSION
In this paper a control law was proposed to provide object
manipulation for prosthetic hands. The control law was modified from the existing robotics technique by incorporating
tactile sensors to remove the undesired rolling motion and
relax the no slip assumption. Also, a novel grasp force
optimization was used in the controller to optimally distribute
the contact forces. Simulation results show the ability of the
of the proposed control law to manipulate an object to a
desired configuration, and reduce the friction used during
said manipulation.
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