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Dexterous Manipulation with Compliant Grasps and External Contacts
Diogo Almeida

Yiannis Karayiannidis

Abstract— We propose a method that allows for dexterous
manipulation of an object by exploiting contact with an external
surface. The technique requires a compliant grasp, enabling
the motion of the object in the robot hand while allowing
for significant contact forces to be present on the external
surface. We show that under this type of grasp it is possible
to estimate and control the pose of the object with respect
to the surface, leveraging the trade-off between force control
and manipulative dexterity. The method is independent of the
object geometry, relying only on the assumptions of type of
grasp and the existence of a contact with a known surface.
Furthermore, by adapting the estimated grasp compliance,
the method can handle unmodelled effects. The approach is
demonstrated and evaluated with experiments on object pose
regulation and pivoting against a rigid surface.

I. I NTRODUCTION
Robots are often required to manipulate objects. They may
have to pick-and-place a product from a conveyor belt to a
storage box; they may be required to use a tool to execute
some painting or welding task, or execute repetitive assembly
steps in an assembly line. In typical industrial contexts, the
robot will perform its task by employing parallel grippers
to grasp an object. Once the object is grasped by the robot,
it will stay rigidly attached to the gripper until the task is
executed successfully. Such a grasp allows for an easier task
accomplishment, as the robot does not need to account for
an independent object movement, but prevents a dexterous
tool usage.
Unlike robots, humans employ a wide array of dexterous
motions with the grasped object. These dexterous motions
allows us to attain a certain goal without excessive and
awkward arm motion, and become more prominent in tasks
where the object itself has to follow a complex trajectory,
e.g., writing with a pen. The ability to relocate an object
with respect to the grasping end-effector can be denominated
as dexterous manipulation, or manipulative dexterity [1],
[2]. Researchers have studied dexterous manipulation for
years, where a three-fingered hand is considered to have the
minimum amount of degrees of freedom that allow for a
robot to manipulate an object in its grasp, i.e., to perform
in-hand manipulation.
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Fig. 1: PR2 robot manipulating an object under a compliant grasp.

Given that the majority of robotic manipulators employ
parallel grippers, unable by design to perform in-hand manipulation, an alternative way to achieve dexterous manipulation
is via extrinsic dexterity [3], i.e., by exploiting elements
external to the robot. Pushing a grasped object against an
external surface is a viable way of reorienting it; loosening
the grasp on an object allows for its pose to change due to
the force of gravity and, by using the arm dynamics, arbitrary
forces can be exerted on the object, allowing its motion with
respect to the gripper. It can be readily observed that humans
employ both in-hand manipulation (’intrinsic dexterity’) as
well as extrinsic dexterity in order to manipulate objects.
A simple manipulation primitive that can be easily accomplished through extrinsic dexterity is the pivoting of an object
grasped by a parallel gripper. If the proper force is applied
on the object, it will rotate (pivot) around the pinching point.
Humans will often employ pivoting when reorienting objects
in their grasp, often combined with other types of dexterous
manipulation primitives.
In our present work we explore the idea of explicitly
modelling a compliant reaction of the gripping point with
respect to a pivoting motion of the grasped object. This
is inspired by the fact that, in non-rigid fingertips and/or
grippers, it is possible to observe a combination of friction
and compliance at the grasping point, when applying an
external force to the grasped object. We show that if a
robotic manipulator is equipped with finger tips that provide a torsional compliance, a feedback controlled pivoting
operation is feasible, provided that a wrench measurement
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Fig. 2: Under a rigid grasp, a manipulation task such as reorienting an
object against a surface requires significant rearrangement of the manipulator
configuration.

Fig. 3: If the gripper allows for a rotational degree of freedom between
manipulator and grasped object, the same manipulation task can be achieved
with smaller joint movements.

is available at the robot wrist. This compliance enables the
online estimation of the contact between object and external
environment, without compromising the dexterity as in the
case of a rigid grasp.
Our method relies on the assumption that a grasp is exerted
on an object in such a way that, if force is applied to the
object, it will rotate in a compliant manner, generating a
torque at the pinching point. This allows us to estimate
the pose of the grasped object with respect to an external
surface, as well as the contact force. We present a series
of experiments designed to showcase the viability of the
proposed method, and how adding the possibility of adapting
the estimated compliance at the fingertips increases the
estimation robustness for a wider range of relative object
rotations. We believe that this approach is a promising step
towards dexterous manipulation via extrinsic dexterity, in
robots equipped with grippers that provide a mixture of
compliance and friction at the fingertips.

make use of this concept in order to approach a dexterous
manipulation task with simple grippers, executing pivoting
operations through dynamics, or by controlling the object
slippage due to gravity by modulation of the grasping force
[9]–[11]. If feedback on the object pose is available, it is
possible to use dynamic control in order to swing-up a
grasped object [12]. More generic dexterous manipulation
tasks have been shown in [13], with several types of contact
being considered, and with the task being formulated as an
optimization problem.
Our work focus on executing a pivoting task by assuming a
fingertip that allows for a compliant behavior at the pinching
point. This is modelled as an extension of the robotic
manipulator via a passive last joint, similar to the systems
considered in [14], [15]. In addition, the compliance at the
pinching point makes this last joint flexible, similar to [16],
[17]. However, in our case the joint state is not observable,
as in the gripper proposed in [18]. This type of functional
redundancies has been analysed in the context of cooperative
manipulation [19], where the passive last joint is considered
part of the grasped object (’tool’), and the advantages for
this type of manipulation are shown.
Our technique relies on the key assumption that the
grasping point allows for the compliant pivoting of the object
in the robotic hand. This can be achieved literally through
the addition of a torsional spring to, e.g., the gripper in [18].
However, the fundamental requirement for estimating the
contact state between object is the presence of a significant
contact force between object and surface. Thus, we believe
that this technique can be adapted to the case where a soft
fingertip is present [20], or the whole gripper might present
compliant properties [21], such that significant contact forces
are present, and the object is not rigidly attached to the
robotic end-effector.

II. R ELATED WORK
Classic grasping problems often rely on achieving force
closure on an object while optimizing some quality metric
[4], thus restraining the object motion. This can be done by
using simulators in order to plan a grasp for complex endeffectors [5]. When concerned with dexterous manipulation,
however, force closure is not necessarily the desired goal.
The robot needs to be able to change the grasp on the
object, which can be achieved, for instance via regrasping,
which requires discrete primitives of picking and placing,
or finger-gaiting, which is an intrinsic dexterous primitive.
Other options are, for example, sliding and rolling [1], [2],
which exploit the environment, object properties or both in
order to facilitate the dexterous task.
The large amount of available options when it comes to
grasping and manipulating objects has led to the publication
of multiple taxonomies, that provide handy categorizations
of grasps with respect to a wide array of purposes. Grasp
taxonomies exclude the option of relative motion between
object and hand [6], and thus manipulation taxonomies have
also been defined, where manipulation tasks are segmented
according to features such as contact, deformation, penetration or motion [7], [8].
Extrinsic dexterity has been proposed as a possible mean
to navigate between grasp types in a grasp taxonomy by
exploiting resources that are extrinsic to the hand, such as the
environment or manipulator dynamics [3]. Several articles

III. P ROBLEM DESCRIPTION
A. Preliminar assumptions
We assume planar operation, and that we have a robotic
manipulator with n degrees of freedom, such that n > 3,
which is fully or over-actuated in the given plane, equipped
with a wrist force/torque sensor and a parallel gripper.
A typical parallel gripper will prevent any motion of the
grasped object if enough gripping force is applied. If the
applied gripping force is insufficient, relative translation
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Fig. 4: A revolute joint at the gripping point allows gravity to reorient an
object held by the gripper [18].

Fig. 5: If the grasp is compliant, it is possible to reorient the grasped object
by interacting with an external surface.

and/or rotation might occur between the object and the
gripper [12].
Similarly to [18], we assume that the grasped object can
freely rotate around the pinching point for a certain range
of gripping forces. In addition, we add the constraint that
such a revolute degree of freedom is coupled to the parallel
gripper through a torsional spring, Fig. 5. The spring provides
a torque that is proportional to its displacement from the
resting state. This compliant element allows the robot to exert
forces on the surface, without the sacrifice in dexterity a rigid
grasp would impose.

s(n) = [−ny , nx ] for a vector n = [nx , ny ] . Without
loss of generality we assume that the surface frame is aligned
with the reference frame: n = [0, 1]> .
We will omit the time dependency of all variables, and
instead use upper case letters to denote constant scalar values.
Let pc = [xc , yc ]> , pe = [xe , ye ]> be respectively the
contact and end-effector position expressed in the surface
frame. The orientation of the end-effector and the object with
respect to the surface frame are defined by the angles θe and
θc respectively, shown in Fig. 6. The force at the contact
point is given by fc = [fcx , fcy ]> and at the end-effector by
fe = [fex , fey ]> . In the following, we neglect the effect of
the grasped-object dynamics on the system, and assume that
the end-effector moves sufficiently slow, such that inertial
forces are negligible, and that gravity forces are compensated
in the measured force and torque.

B. Manipulation task
Our objective is to control the robotic manipulator so as
to regulate the pose of a grasped object with respect to the
external surface. Starting from an initial contact state, such
can be the case of a robot that reorients the object with
respect to its gripper, resulting in a pivoting operation. It can
also be that the robot is executing, e.g., an assembly task,
and the external surface is an assembly part that requires a
certain pose for the grasped object to be assembled.
The revolute joint at the gripping point allows for this
goal to be achieved via an independent rotational motion of
the grasped object and end-effector, which is a significant
distinction from manipulation problems where a rigid grasp
is assumed. The added degree-of-freedom allows for more
dexterous motions, Fig. 3, and the assumed compliance at
the gripping point provides the system with the ability to
estimate the state of the contact between the grasped object
and the external surface.
IV. M ODELLING
The robotic manipulator grasps an object such that there
is no linear slippage but only a rotational degree of freedom
between the object and end-effector. We consider that the
rotational degree of freedom is elastic, that is, there is a
torque about the axis connecting the grasping points, which
is proportional to the displacement of the rotational joint
from a resting position. This is modelled as a torsional
spring around the rotational axis. It is assumed that the
grasped object is in contact with a rigid surface of known
slope. We attach the frame {s} at a kinematically known
point of the operation plane; the surface frame is defined
by the surface normal n and the tangent vector s(n), where

>

>

A. Kinematics
Let r be the vector that points from the contact to the
gripping point,
r = pe − pc .
By defining L as the distance between the gripping to the
contact point we get r = [L cos θc , L sin θc ]> . The length
L is related to the horizontal distance between end-effector
and contact point dx = xe − xc as follows:
L=

dx
.
cos θc

The differential kinematics of system are given by


ṗc
ṗe = [ I2 s(r) ]
θ̇c

(1)

(2)

where I2 is the identity matrix of dimension 2. In addition to
(2), the contact with the rigid surface imposes the constraint
ẏc = 0.

(3)

From the assumed contact with an external surface, one can
derive the expected reaction wrenches by considering the
reciprocal of the possible robot movement directions [22].
In case of a rigid grasp, this can be obtained from the
surface normal and object pose. However, if rotations are
allowed with respect to the gripping point, reaction forces
would be expected only for singularities in the mapping (2)

where s(r) = [−L sin θc , L cos θc ]> . It is important to note
that the component of fc along the surface tangent, fcx , will,
in general, be the resultant of the action of frictional forces
on the contact point. The addition of a compliant element at
the grasping point allows for the normal element of fc , fcy ,
to be more prominent.

Fig. 6: The manipulation task consists in driving the grasped object to a
desired pose xd , θd .

[23]. The addition of compliance in the gripping points links
the exerted forces with the manipulation kinematics, such
that the manipulator is able to arbitrarily change its pose
without losing the ability to measure the contact state with
the surface.
B. Forces
The grasping point is assumed to provide a rotational
degree of freedom to the grasped object, with respect to
the gripper. We also assume that this degree of freedom is
elastic, that is, there is a torque at the griping point that
is proportional to the spring deflection, Θo − θs , where Θo
defines the spring resting position with respect to the endeffector, and θs is the angle of the spring in the surface frame.
The torque at the end-effector follows the spring model:
τe = Ks (Θo − θs ),

(4)

where Ks is the spring stiffness coefficient.
The robot is able to deform the spring in two possible
ways:
1) Rotation of the end-effector, which changes the spring
deformation at a rate θ̇s0 = θ̇e .
2) Pivoting of the grasped part, which originates a change
θ̇s00 = −θ̇c . This is governed by (2) and (3), which
establishes the relationship between the translation of
the end-effector along the surface normal and the
rotation of the grasped part.
By summing both contributions we obtain the deformation
rate of the spring,
θ̇s = θ̇s0 + θ̇s00 = θ̇e − θ̇c
and thus the following expression for the spring angle,
θs = θe − θc + ∆,

(5)

where ∆ is an integration constant, which is defined by the
initial grasp on the object such that the torque at the grasping
point is zero.
The spring allows the system to exert a force on the rigid
surface, fc with more than just a frictional component. This
force is related to the torque at the end-effector (4) as follows:
>

τe = s(r) fc ,

(6)

V. M ANIPULATION
We want to move the robotic arm in such a way that its
end-effector is able to drive the contact point between the
object and the surface to a desired pose, while ensuring
contact is maintained, Fig. 6. Let xc = [xc , θc , fcy ]>
be the task related state, and let the control input for this
state be u = ẋe . Also, consider the augmented state x̄c =
>
[x>
c , Ks ] , which includes the torsional stiffness at the
grasping point. For this work, we will ignore the frictional
component in (6), which is a reasonable assumption for
contact between relatively smooth objects. We then have
ẋc = Jt (xc )u

(7)

y = h(x̄c )

(8)

for, respectively, the system process and output equations.
The matrix Jt (xc ) in the process equation (7) is the task
Jacobian, and can be computed from (2), (3) and (4), using
the relationship (1) to substitute L. We have:


1
tan θc
0
1


0 
0
(9)
Jt (xc ) = 
.
dx

dx tan θc fcy + Ks
Ks 
−
0
d2x
dx
Note that Jt (xc ) is well-defined for |r> n| 6= L. The output
equations are given by


 τe 
dx

dx fcy 
 fe 
.
y =  θy 
h(x̄c ) = 
(10)
θc −

e
Ks 
f ey
fcy
Where we assume that Θ0 and ∆ are accounted for. The
measurement equations (10) includes the standard forcetorque relationship (6), but also the spring equation (4).
These two equations allow us to relate the object pose with
the torque at the end-effector without having to account for
friction.
A. Control
Let xd = [xd , θd , fcyd ]> be the desired goal state for
the system. Under the modelling assumptions, all the force
exerted along the surface tangent should result in contact
point motion and thus fcx = 0. We define the control error
as e = xd − xc . The dynamics of the error, ė are obtained
through differentiation,
ė = −Jt (xc )u,
and thus the system (11) can be controlled by choosing
u = J−1
t (xc )Γe,

(11)

(a)

(b)

(a)

Fig. 7: Object manipulation with force control. The red bar is the projection
of the object pose estimate on the camera frame. The pink bar shows the
computed ground truth, and the green bar is the object target pose.

where Γ is a positive-definite matrix and


1
−dx tan θc
0
0
dx
0 
,



J−1
t (xc ) = 
dx 
dx Ks
+ tan θc fcy
−
0
Ks dx
Ks
>
which is well-defined for |r n| =
6
L, and allows for
the feedback linearisation of (7). The closed-loop system
becomes
ė = −Γe,
which is stable for all positive definite Γ.
B. Estimation
The state x̄c is not directly available, and must be estiˆ c be the state estimated through the measurements y. Let x̄
mate. We can estimate the state by employing an Extended
Kalman Filter (EKF). Given the observer model
ˆ˙ c = J̄t (x̄
ˆ c )u + K(x̄
ˆ c )(y − h(x̄
ˆ c )),
x̄


J (x )
where J̄t (x̄c ) = t >c , with 03 being a zero column vec03
ˆ c ) from
tor of dimension 3. We must compute the gain K(x̄
the process and observation model jacobians, respectively
A(x̄c ) and C(x̄c ) as
ˆ c ) = PC(x̄
ˆ c )> Q−1 ,
K(x̄
with
ˆ c )P + PA(x̄
ˆ c )> + R − PC(x̄
ˆ c )> Q−1 C(x̄
ˆ c )P,
Ṗ = A(x̄
where the matrices R and Q model the uncertainty in the
system (7) and (8), which is assumed to be represented by
additive Gaussian noise. The process model Jacobian is given
by
∂ J̄t (x̄c )u
=
A(x̄c ) =
∂ x̄c

ẏe
0

cos2 θc

ẏe

0

2
d

x
 dx γ − Ks ẏe
fcy ẏe
3
dx
dx cos2 θc

0
0
tan θc ẏe
dx

0






0
,

ẏe − dx θ̇e 
d2x

(b)

Fig. 8: Object manipulation without force control. The robot pivots the
object into the desired pose, without rotating its end-effector.
Parameter
Q
Rno adapt
Radapt
Γmanip
Γpivot

Value
diag(200, 10, 5e3)
diag(10−2 , 10−2 , 10−3 , 0)
diag(10−2 , 10−2 , 10−3 , 3e−5)
diag(1.0, 1.0, 0.7)
diag(0.7, 0.7, 0)

Parameter
xd
θd
Pinit
fd
Ks

Value
0.2 ± 0.05 m
0.3 ± 0.05 rad
0.1I
−1.25 ± 0.2 N
0.17 N.m/rad

TABLE I: Estimator and controller parameters for the manipulation and
pivoting experiments, with the range for the desired values. Radapt refers
to the assumed process model covariance with stiffness adaptation, and
Rno adapt refers to the one without it. Γmanip and Γpivot refer respectively to
the controller gains for the manipulation and pivoting experiments.

where γ = tan θc fcy ẏe − Ks θ̇e . The observation model
Jacobian is then given by


−1 0
0
0
fcy
dx dx fcy 
∂h(x̄c ) 
.
1 −
=
C(x̄c ) =

Ks
Ks
Ks2 
∂ x̄c
0
0
1
0
By performing the estimation on the augmented system state
x̄c , we allow the system to adapt the constant Ks , adding
robustness against minor modelling errors and inaccurate
initial guess for the stiffness at the grasping point.
VI. E XPERIMENTAL EVALUATION
A. Experimental setup
Our experimental setup consists of a PR2 robot equipped
with wrist force/torque sensors, positioned close to a table,
Fig. 1. The surface frame is obtained through a fiducial
system [24] that detects the marker laid on the surface. The
initial pose of the end-effector is also defined with respect
to this marker.
In order to obtain a compliant grasp, we 3D-printed an object that consists on a revolute joint, on which two torsional
springs provide the compliance. The robot is able to rigidly
grasp this object around the rotational axis, thus creating the
conditions modelled in (4) and (5), with Θ0 = ∆ = 0.
We define two experiments: a) regulation of the object
pose and b) object pivoting. In the following sections, we
illustrate the control and estimation performance on 20
iterations of the experiments, and show how allowing for
adaptation in the value of Ks affects the overall system
performance. Ground truth data is obtained by intersecting
a circle of radius L, centered at the grasping point, with a
line along the surface tangent. In all the experiments the endeffector starts at a pre-defined pose in the surface frame and
approaches the surface along its normal until a force of 1N

Fig. 9: Results obtained for the manipulation experiments, without stiffness
adaptation. Each grey plot is the result of one experiment execution, while
the black plot represents the average of all the consecutive runs.

is detected. Each experiment was run 20 consecutive times
for 15 seconds.
B. Regulating the object pose
In this experiment, we evaluate the system in its ability
to attain the control objective stated in section V-A. We
executed the manipulation task with and without stiffness
adaptation, respectively Fig. 9 and Fig. 10. In both cases the
desired state is drawn from a uniform distribution as in Table
I. The force estimation error is not shown in the plots, as the
raw data noise dominates its value. Instead, we illustrate the
estimator performance by plotting the force estimate with
respect to the raw values for one of the runs, Fig. 13.
Note that, from (4) and (6), it is clear that we must have

Fig. 10: When the system is controlling the contact force, the torque at
the gripping point can be maintained within pre-determined ranges. When
the stiffness can be previously estimated for those ranges, there is no clear
advantage in allowing the system to adapt the spring constant.

θs = Θ0 − s(r)> fd /Ks in order to get fcy = fd , with
fd = [0, fd ]> . Thus, if we control the contact force, θs will
stay in a range related to the range of desired contact forces.
In a scenario where it is possible to estimate the stiffness at
the grasping point for predictable values of θs , there is no
need for adaptation. In fact, for the initial value of Ks =
0.17 N.m/rad used as the initial stiffness value in all the
experiments, there is no significant change in the results with
and without adaptation. In both cases we observed a final
error of about 2 mm for xc and 0.04 radians for θc .
C. Pivoting
This experiment evaluates the case where the manipulation
goal is the grasped object reorientation with respect to the

Fig. 11: The proposed method can be used for pivoting the grasped object.
In this scenario, the experiments were run without the force compensation
component of the controller. This leads to larger spring deflections, which
reduces the accuracy of the spring model (4).

end-effector. The system (7) is fully actuated, and thus the
contact force cannot be regulated independently from the
end-effector orientation. Consequently, in order to pivot the
object, we impose θ̇e = 0. A practical implementation could
limit the force as fˆc , flower ≤ fˆc ≤ fupper such that if the
force estimate moves out of these bounds, the full controller
is activated, ensuring that contact is kept. Note that there is
a clear trade-off in achieving force control, Fig. 7, or taking
advantage of the rotational degree-of-freedom at the grasping
point in order to perform a more dexterous motion, Fig. 8.
We execute the pivoting operation firstly without spring
adaptation, and then allowing spring adaptation, respectively
Fig. 11 and 12. In these experiments, it becomes clear that for
the same value of Ks as in section VI-B the angle estimation
is biased. In fact, while pivoting, the spring deflection will
be larger, and the measured torque will most likely not
follow the simple model (4), due to the absence of force
control. By enabling the stiffness adaptation, Fig. 12, we
obtain better results. The average orientation error for the
experiment without stiffness adaptation is of 0.09 radians,
while with spring adaptation the average error fell to 0.02
radians.
Additionally, we can observe that the overall performance

Fig. 12: By allowing the estimator to change the value of the modelled
stiffness constant, better results are achieved.

Fig. 13: Force estimation results. The black line is the force estimate fˆcy ,
while the gray plot depicts the measured fey .

of the system for the pivoting experiments is smoother. This
can be explained by that fact that a vertical displacement of
the end-effector will change the contact force, according to
(9) and, due to the compliant nature of the PR2 arm, precise
fine motion of the end-effector is not always possible, leading
to some conflict between the contact force regulation and the
pose alignment of the grasped object.
VII. C ONCLUSION
In this work we presented a technique for dexterous manipulation of an object under a compliant grasp. We showed
that, for scenarios where it is reasonable to assume that the
grasping point of the end-effector offers some compliance
around a rotational axis, the orientation of the grasped object
is controllable independently of the end-effector orientation.

This is a significant distinction from typical manipulation
tasks where a perfectly rigid grasp is assumed [26]–[28].
The method employs an EKF in order to produce estimates
of the contact point state. It relies only on knowledge of
the contact surface and on the availability of force/torque
measurements at the robot’s wrist. Furthermore, we allow
for the estimator to adapt the value of the modelled gripping
stiffness, adding some robustness to deviations from the
employed linear model. We believe that the presented method
could be straightforwardly implemented in a robot equipped
with a gripper such as the presented in [18], where the
rotational finger tips are made compliant.
A robot equipped with soft fingertips can potentially exert
sufficient forces with a grasped object, while the object is
able to move relative to the end-effector. Modulating the
gripping pressure can also change the friction forces and the
compliant reaction between object and end-effector, which
would introduce an additional degree of freedom for the
control problem. The present work can be adapted to prevent
the stiffness adaptation to converge to non-physical values,
as in [29]. Furthermore, including friction in the estimation
model could potentially reduce the dependency on the used
spring model to estimate the object angle with respect to the
surface.
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