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Executive Summary
This deliverable presents the methods developed during Task T5.2 “Grasping
Initialization and Stabilization”, which focuses on robotic grasping and
manipulation of domestic objects. This work was carried out in the context of
WP5, responsible for developing the RAMCIP methods for “Advanced Grasping
and Manipulation”, in the scope of the European Union (EU) HORIZON 2020
Programme (H2020) Research and Innovation Action RAMCIP. The aim of this
document is to describe the efforts towards the establishment of the methods
that provide RAMCIP robot with the necessary skills for grasping tasks in domestic
environments.
In order to deal with the grasping requirements of domestic objects for the
RAMCIP robot and its target application scenarios, the T5.2 efforts targeted on
providing the tools for planning and executing grasps of domestic objects. As a
key contribution of the T5.2 efforts, the RAMCIP advances involve novel
techniques for grasping flat objects, by utilizing intentional contact with the
support surfaces. In our case, flat objects are the objects whose height from the
support surface is so low that traditional grasp planners fail to produce any
grasps.
After a brief introduction (Section 1), a summary of related works that have been
reviewed during this task is presented, including a presentation of state-of-the art
(SoA) grasp planners (Section 2). The investigation of SoA grasp planners further
involves a thorough evaluation of the most recently developed and supported
grasp planner, SIMOX, with respect to the RAMCIP needs (Section 3).
Performance evaluation results show that SIMOX solutions are not robust to
object orientation errors; in fact grasp quality drops down to more than 50% for a
significant percentage of the cases tested. Moreover, SIMOX cannot cope with flat
objects as it searches for grasps that do not involve contact with the target
object’s environment. These weaknesses are common in most planners.
The development of complementary methodologies to address these problems led
to RAMCIP advances in grasping flat objects. These methodologies utilize fingertip
sensing for establishing and detecting contact with the support surface, providing
robustness to object pose estimation errors. Furthermore, spherical fingertips are
used which facilitate fingertip rolling and grasp stability. These methods are
reported in Section 4. Grasping of flat objects have been implemented and tested
on the available robotic hardware and results are shown in Section 5. Conclusions
of the reported work are drawn and presented in the final part of this document
(Section 6).
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1. Introduction
1.1 Scope of the deliverable
The scope of this deliverable is to present the methodologies that have been
researched and developed within Task T5.2 “Grasp initialization and stabilization”,
which concern the RAMCIP robot’s object grasping capabilities.
The methodologies reported herein take into account the purpose of RAMCIP
robot to operate in domestic environments and to assist humans suffering from
mild cognitive impairment (MCI) and early-stage Alzheimer disease (AD). In
accordance to the RAMCIP target use cases described in the deliverable D2.1, this
involves tasks such as planning and executing feasible grasps of domestic objects
in various situations: a small pills box lying on a high shelf, a large bottle of water
standing on the table or even objects that have fallen on the floor. In domestic
environments, grasping is constrained by support surfaces (tables, shelves, floor)
on which the objects are placed, thus the proposed methods take into account the
object-surface combination.
One of the objectives is to use the state-of-the-art results for object grasping and
manipulation, but also to enhance the existent methodologies, in case they do not
suffice. This means dealing with state-of-the-art difficulties for grasping small
objects given environmental constraints as the support surface or the height of
the resting object. These situations are encountered often in domestic
environments. In the context of T5.2, inspirations for developing the RAMCIP’s
robotic grasping methodologies stem from the remarkable dexterity with which
humans manipulate objects in everyday basis. The second objective is to robustly
compensate for small object pose estimation errors that are anticipated in the
outcome of the perception algorithms. The key component used for this purpose
is the compliant contact with the environment, which provides robust recognition
of the environment (e.g., the support surface) as well as safety of the robot
during manipulation.

1.2 Relation to other deliverables
Methods for object grasping and manipulation developed in T5.2 take closely into
account the use cases reported in the deliverable D2.1, as well as the technical
specifications and overall architecture of the RAMCIP robotic system, defined in
the project deliverables D2.2 and D2.3, respectively. Moreover, the grasping
methodologies consider Shadow Hand Lite and the first version of RAMCIP hand
as this is described in D7.4, which is incorporated in the lab evaluation of the
grasp strategies. During the development of the methodologies the kinematics of
the V1 RAMCIP hand is considered.
Furthermore, the methodologies developed in T5.2 are tightly connected with the
perception algorithms for scene recognition (object, surface etc.), which are
developed in T3.1 and reported in D3.1. The implementation of the grasp
strategies depends on the object type, shape, position, orientation and other
specificities, which are provided through the respective T3.1 methods.
Finally, the object grasping and manipulation is inextricably linked with the arm
reaching as this is developed in T5.1 and described in D5.1. The grasp strategies
has the safe reaching of the hand in an initial grasping pose as a prerequisite.
Also, they depend on the arm motion control, as they involve contact with the
environment, which requires a compliant and thus safe motion of the
manipulator.

1.3 Deliverable structure
The deliverable is structured and organized in the following sections/chapters:
October 2016
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Chapter 1 provides the introduction of this deliverable and outlines its scope as
well as its relation to other deliverables.
Chapter 2 presents the related work that is relevant to each component of this
task. Literature review and the state-of-the-art is presented as far as grasp
planning and control are concerned. Also, in this chapter, the RAMCIP advances
are summarized.
Chapter 3 presents the evaluation analysis performed for the state-of-the-art
grasp planner SIMOX, its advantages and its limitations w.r.t. flat objects whose
height from the support surface is relatively low.
Chapter 4 presents the proposed grasp strategies which extend the current
grasp planners, by providing a framework for grasping flat objects. These grasp
strategies utilize contact with the environment in order to grasp flat objects on
support surfaces.
Chapter 5 deals with the experimental evaluation of the methodologies described
in the previous chapters. Also, it provides the software implementation of the
methodologies. The experiments concern the evaluation of the methodologies on
real hardware by means of Shadow Hand Lite and V1 RAMCIP Hand.
Chapter 6 provides the conclusions about the methods presented in the previous
chapters, discusses the results and summarizes the findings.
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2. Related Work
2.1 Grasp planning
2.1.1

Literature review on grasping

More than a few multi-fingered robot hands have been built since the early
robotics research years in order to resemble the human hand [18]-[22] and some
are now commercially available for research purposes but most of them sacrifice
degrees of freedom and thus dexterity for compactness and lightweight structure.
The progress accomplished in the last decades regarding grasp planning and
control is shown in several review papers [24]-[26] but it is not adequate to
resolve the grasping problem in uncertain and dynamic environments which is still
considered as one of the main challenges that need to be solved for home robots
[27].
A recent review of the grasp synthesis problem can be found in [16]. In the
literature, two approaches exist for tackling grasp synthesis; the analytical and
the empirical.
The first approach to grasp planning uses analytical methods to synthesize force
closure grasps and is based on accurate models of the hand kinematics, the
object and their relative alignment [28]-[31]. However, precise geometric and
physical object model availability is not always the case in practice. For instance,
surface properties or friction coefficients, weight, center of mass, and weight
distribution may not be known. Furthermore, systematic and random errors occur
in real robotic systems due to robot inaccurate models and noisy sensors.
Consequently, real world applications of grasps synthesized analytically may fail.
Despite relaxing some of the assumptions [32]-[33], analytical methods are still
mainly validated in simulations [34]-[35] or consider 2D objects [35]-[37]. The
large gap between reality and grasp models that are currently available is owed
to the static analysis that characterizes most of these approaches. Although force
closure implies the existence of an equilibrium, it is not sufficient for ensuring
grasp stability [29]-[30]. The need for further studying grasp dynamics and
developing analytical models that better resemble reality is identified in Bohg et
al. [26]. An approach to bridging the gap between reality and models, is the
design of model free grasp controllers that dynamically achieve a stable grasp
equilibrium state. Previous research work in this direction includes feedback
control laws of low complexity that consider rolling contacts [46]-[48]. This class
of controllers achieve stable grasping and fine manipulation without any force and
contact sensing requirements for objects with flat surfaces and arbitrary shape for
both the 2D and 3D cases [23],[49]-[55]. As the initial finger-object pose and
contact positions must not necessarily correspond to an equilibrium state,
perception and execution errors can be accommodated.
In the last decade, the availability of grasp planning simulators, such as GraspIt!
[38], made data-driven methods become popular. These approaches rely on
sampling grasp candidates from some knowledge base and rank them according
to a specific grasp quality metric [39]-[43]. Grasp parameterization is less specific
in these methods; in fact they use an object grasping point with which the tool or
grasp center point should be aligned in terms of an approach vector instead of
fingertip position, wrist orientation and initial finger configuration. It is
consequently claimed that these approaches are robust to perception and
execution uncertainties. However, as the simulated environment does not
resemble the real world adequately, grasp success is not guaranteed during
execution. In fact, studies have showed that grasps synthesized with good quality
grasp metrics underperformed significantly in practice, when compared with
grasps kinesthetically taught by humans [44]-[45].
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Empirical approaches are focused on techniques that involve classification of
different grasps and learning methods that avoid the computation complexity of
the analytical ones. The algorithms proposed in the literature can be classified in
two broad categories: the methods based on observing a human performing the
grasp and the methods based on observing the object to be grasped. The first
methods rely mostly on Learning by Demonstration (LbD) techniques. The second
methods involve a robotic system which learns the association between object
characteristics and different hand shapes in order to compute natural task
adapted grasps [16].
Most of the proposed algorithms fail to cope with task or environmental
constraints. Research has not focused on strategies which take into account
environmental constraints, such as grasping a flat object from a table, until
recently [15]. As a result, state of the art grasp planners fail to synthesize a
grasp when a flat object is on a surface, because of the fact that they consider
the surface as an obstacle to be avoided.

2.1.2

An outline of the main state of the art grasp planners

A grasp planner can serve as a simplified replacement for the real world; in
simulation, an algorithm can be tested on many hand designs, many objects and
obstacle configurations at no cost and much faster than in the real world. The
most popular use of a grasp planner is the offline computation of an ordered list
of possible grasps for a given object and hand that can be stored in a database
and retrieved at runtime.
Within T5.2 a brief review of the main state of the art grasp planners was
performed before selecting a grasp planner for further evaluation with respect to
RAMCIP needs. In particular, GraspIt!, SIMOX and OpenRAVE were considered.
Their general and software characteristics are listed in two comparative tables in
Annex I, and a brief presentation follows. Moreover, a brief presentation of the
fundamentals on grasp quality metrics is given as it is an important aspect for the
ranking of grasp candidates produced by a grasp planner.

2.1.2.1

GraspIt!

GraspIt! was created to serve as a tool for grasp simulation, visualization, and
analysis that allows a user to create and analyse grasps of a given 3d object
model with a given articulated hand model. The GraspIt! engine includes a rapid
collision detection and contact determination system where automatic grasps can
be generated. Alternatively, the user can interactively create contacts, i.e. a
grasp, between a robot and an object. Each grasp can be evaluated with two
different quality metrics reflecting the grasp's ability to resist disturbances. The
grasp planning algorithms rely on the simulated environment to quickly evaluate
many hand postures, and find those that lead to stable grasps taking into account
obstacles and other constraints. The implemented planners that are included with
GraspIt! are the RRT, Shape Primitives, Decomposition Trees and Eigengrasps.
Strong points of GraspIt! include:


3D user interface allowing the user to see and interact with a virtual world
containing robots, objects and obstacles [1]



A large and growing library of robotic hand and object models



Inverse kinematics solvers to control the joints of the robot



Computation of two different grasp quality metrics, specifically the volume
of the 6D convex hull and the smallest distance between a 6D hull facet
and its origin[2]



Visualization methods for the Grasp Wrench Space



Support for Soft Finger Contacts [3]
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Support for low-dimensional hand posture subspaces (also known as
eigengrasps or hand synergies) [4],[5]



Dynamics engine [6]



Interaction with hardware and sensors, such as a Barrett hand, Flock of
Birds tracker and Cyberglove (Windows only)

2.1.2.2

Simox

Simox is a lightweight platform independent C++ toolbox for 3D simulation of
robot systems, sampling based motion planning and grasp planning. The user can
define complex robot systems which may cover multiple robots with many
degrees of freedom. The motion planning algorithms, which are based on RRTs,
compute collision-free motions for redundant robot systems with many degrees of
freedom. As far as the grasping module is concerned, a hand model and a 3d
object are loaded in the simulation environment and then the grasp planner
produces the amount of requested grasps within a prespecified time or a timeout
is reached. Each grasp is evaluated with a grasp quality metric which involves the
grasp wrench space and the object wrench space. The Grasp-RRT planner that is
implemented within SIMOX combines three main tasks needed for grasping an
object: finding a feasible grasp, solving the inverse kinematics for a robot
manipulator and searching a collision free-trajectory that brings the hand to the
grasping pose.
The most important features of Simox are:


The combination of motion and grasp planning tools into one package



Easy scene and robot construction via XML data structure



Jacobian computations and generic Inverse Kinematics (IK) solvers [7]



Analysis of reachable workspace for robotic manipulators [8]



Interfaces that allow to conveniently implement own planners;



Efficiently solving of complex planning problems for robots with a high
number of degrees of freedom



List of the positions of a grasp



Easy and quick determination of the quality of an applied grasp to an
object, which is defined as the factor that scales the 6D object convex hull
to optimally fit in the 6D grasp convex hull [9]

2.1.2.3

OpenRAVE

OpenRAVE provides an environment for testing, developing, and deploying motion
planning algorithms in real-world robotics applications. The main focus is on
simulation and analysis of kinematic and geometric information related to motion
planning [10]. It provides many command line tools to work with robots and
planners, and the run-time core is small enough to be used inside controllers and
bigger frameworks. Grasp functionality in OpenRAVE can be obtained with the
usage of a specific plugin, the grasper plugin. With this module OpenRAVE can
simulate grasps for any type of robotic hand and evaluate the quality of the
grasps.
OpenRAVE’s grasper plugin features are:





The COLLADA 1.5 file format for specifying robots and adds its own set of
robot-specific extensions.
Simple environment loading, via xml files.
Usage of IKFast, a fast inverse kinematic solver which can analytically
solve the kinematics equations of any complex kinematics chain, and
generate language-specific files (like C++) for later use
Grasp planning algorithm based on Bidirectional RRT [11]
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A grasp scoring function, which predicts the result of a given grasp of a
given object in a given environment [11]

Grasp quality metrics

A common approach to evaluate the quality of grasps is the construction of the
grasp wrench space (GWS) which describes the set of all wrenches that can be
applied on the grasp contact points. A single wrench is defined as the
concatenation of the force and the torque vector exerted on a grasp contact point.
Regarding a multi-fingered hand grasping an object, the set of grasp contact
point set consists of n points. To find the direction that forces may be applied at a
particular contact point, we need to find the local contact normal which is defined
as the inward pointing normal of the tangent plane of the contact. If we assume a
Coulomb friction model, then the total force, f, acting on the object at a contact
point must lie within a cone that has an apex at the contact point, an axis along
the contact normal, and a half angle of tan-1μ, where μ is the coefficient of static
friction. To reduce the complexity, a friction cone is approximated by a friction
pyramid with k sides. The contact force, f, is represented as a convex combination
of k force vectors around the boundary of the cone.

𝑘

𝑓 = ∑ 𝑎𝑗 𝑓𝑗
𝑗=1
𝑘

𝑎𝑗 ≥ 0 ,

∑ 𝑎𝑗 = 1
𝑗=1

Any force acting at a contact point on the object also creates a torque relative to
the torque origin that can be arbitrarily chosen. Often the center of mass is used
as that reference point to give it a physical meaning. We require a torque
multiplier, λ that relates units of torque to units of force. For this reason λ = 1/r is
usually chosen, where r is the maximum radius from the torque origin. Each of
the k forces representing the boundary of the friction cone is translated to the
centre of mass by computing the corresponding torque such that:
𝑓𝑖,𝑗
𝑤𝑖𝑗 = (
)
𝜆(𝑑𝑖 x𝑓𝑖,𝑗 )
where 𝑓𝑖,𝑗 is one of the k force vectors on the boundary of the friction cone at
contact i and 𝑑𝑖 is the vector from the torque origin to the i-th contact point.
These wrenches form the boundary of the wrenches that can be applied at that
contact point given a total force f.
Ferrari and Canny [12] describe two methods of finding the grasp wrench space.
One limits the maximum magnitude of the contact normal forces to 1, and the
other limits their sum magnitude to 1. The second option is usually implemented
due to its ease of computation. Under this constraint, the set of wrenches that
can be exerted on the object is:
𝑛

𝑊 = 𝐶𝑜𝑛𝑣𝑒𝑥𝐻𝑢𝑙𝑙(⋃{𝑤𝑖,1 , … , 𝑤𝑖,𝑘 })
𝑖=1
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If this convex hull contains the wrench space origin (equilibrium state) then the
grasp can be stabilized.
Similarly, the object wrench space (OWS) contains all wrenches that are created
by a distribution of m disturbance forces acting anywhere on the object. The
surface of the object is sampled once to generate a set of m possible contact
points and unit forces are applied on these points as illustrated in Figure 1.The
object wrench space and the corresponding convex hull (CHo) are constructed as
described previously.
One quality metric that is often proposed is the radius, r, of the largest 6D ball,
centered at the origin that can be enclosed with the hull (CHg). The vector from
the wrench space origin to the point where the ball contacts the boundary of the
hull is the smallest maximum wrench that can be applied by the grasp. In this
worst case the sum magnitude of the contact wrenches would have to be 1/𝑟
times the magnitude of the disturbance wrench. The closer the r is to 1 the more
efficient the grasp is. However, this metric is not invariant to the choice of the
torque origin [13], so the volume 𝑢 of the convex hull (CHg) can be used as as
invariant average case quality measure for the grasp.

Figure 1. Illustration of m force distributions that produce the wrench set of the
OWS. Each distribution contributes one single wrench to the OWS set. The length
of all force vectors sum to the unit length

In SIMOX the quality of a grasp 𝑞 ∈ [0,1] is determined by the factor that scales
CHo to optimally fit in CHg as described in [14]. So a grasp quality measure of
0.33 means that a set of point contact disturbance forces can be applied to the
target object such that the sum magnitude of the grasp forces required to counter
the disturbance forces is 3 times the sum magnitude of the disturbance forces. As
a result, the closer q is to 1 the better the grasp is.

2.2 RAMCIP advances
One of the main problems of grasp planners that was also identified within the
RAMCIP evaluation studies, is their inability to synthesize grasps for flat objects in
realistic scenes. The reason lies in the fact that grasp planners synthesize grasps
that avoid contacts with the environment e.g. the supporting surface on which the
target object is lying. Given the geometry and kinematics of a hand, this is rather
impossible for a set of objects with respectively low height. As contact with the
environment is not explicitly taken into account in the grasp synthesis, grasp
planners fail to produce a result. Recent studies of human grasps reveals that a
high percentage human grasps contact the environment [15]. RAMCIP advances
in grasping come to fill this gap by developing grasping strategies for flat objects
that make explicit contact of the supported surfaces and are robust to position
and orientation errors of the perception system, integrating planning and control.
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3. Evaluation of SIMOX for RAMCIP needs
Grasp planner Simox was selected for further evaluation based on its simplified
software structure, its comprehensible and easily expandable nature, its minimum
hardware and software dependencies, the previous experience of SHADOW with
its use, but most importantly, the fact that it was the most recently developed
grasp planner that was actively and continuously supported at the time the
selection was made. GraspIt! was an eligible alternative but it was not supported
at the time. The grasp planning method of SIMOX is briefly outlined in 3.1, while
its performance robustness with respect to the pose errors characterizing the
RAMCIP vision system described in D3.1, for three different objects, is discussed
in 3.2. Last, the performance of SIMOX to synthesize grasps for flat RAMCIP
objects lying on supported surfaces is discussed in 3.3. Conclusions on grasp
planning capabilities are drawn 3.4.

3.1 Grasp planning in SIMOX
Utilizing the grasp center point frame (GCP) of an end-effector a favourite
grasping position and approach direction (along the z-axis) is defined as shown in
Figure 2 for the V1 RAMCIP hand. The grasp planner randomly creates grasping
positions based on the object's triangle model. Specifically, the normal
information of the object's surface (Figure 3) is used to sample potential
approaching directions, which are aligned with the favourite approach movement
of the end-effector as given by the GCP (Figure 2). Additionally, the rotation
around the approach vector is randomly sampled. Then, the planner moves the
end-effector towards the object until the GCP origin reaches the object surface. In
case a collision with an obstacle is detected it aborts the current solution.
Following a successful GCP origin placement, fingers close with the same joint
velocities until contact and the final contacts are stored. The contact information
is used to compute the grasp quality (2.1.3) and the force closure information.
Depending on the quality, the grasp may be discarded or added to the set of valid
grasps.

Figure 2. Grasp center point and approach direction of RAMCIP hand
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Figure 3. The cup‘s normal vectors as computed by Simox

Except from the definition of GCP, Simox provides three more parameters in order
to plan the grasping of an object: the number of desired produced grasps, the
minimum desired quality metric and the maximum computational time.
In order to produce grasps for RAMCIP objects, the end-effector, a support
surface (table) and an RAMCIP object resting on the surface are loaded in the
virtual world of Simox. We define the GCP as shown in Figure 2. Notice, that we
choose the origin of GCP to be close to the palm, in order to favour the planning
of whole grasps and thus be robust to pose errors while improving grasp stability.
Furthermore, we choose to produce at least 20 grasps, with minimum quality
metric 0.5 and with infinite maximum computation time. These offline produced
grasps are stored in a database so as to retrieve them at runtime.
Figure 4 demonstrates three examples of the produced grasps with the above set
of parameters. The first two figures show two produced grasps for the bottle of
water, while the third shows a grasp for the RAMCIP cup. The friction cones on the
contact points are also demonstrated on the figures. Notice that friction
coefficient is by default set to 0.25 which corresponds to a 13 degrees friction
angle, approximately.

(a)
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(c)
Figure 4. Example grasps for RAMCIP objects produced by Simox

One key difference between human-planned grasps and grasps produced by
automatic grasp planners like Simox, is that the former align the hand’s
approaching vector with one of the object’s principal axis (axis of longest
dimension), something that was reported to increase significantly the robustness
of the grasp [57]. As it can be noticed in Figure 4c, with a Simox produced grasp
the approaching vector is not aligned to the cup’s principal axis.
In order to enrich the database of grasps produced by Simox human-planned
grasps are also provided to supplement the RAMCIP planned grasp list. These
grasps have been produced by physical human interactive guidance of the robotic
hand.

3.2 Performance robustness of planned grasps to
object pose perturbations
Three objects relevant to the RAMCIP target scenarios were chosen to evaluate
the planned grasp robustness to pose errors. In particular, a pill box (Depon),, a
pack of biscuits (Softkings),, and a cup. The virtual world in which they were
imported was a free space scene, free of any other objects including supported
surfaces (tables). Our aim was to find the best grasps, although there is a
noticeable lack of correspondence between the free scene and practical cases
(only object hand-ins to robot may be approximated to free scene grasps). The
Shadow Lite hand and the RAMCIP v1 hand in the configuration shown in Figure 2
were used (two parallel fingers opposing the thumb). In this report the v1 hand
results are included and discussed, but the same conclusions can be drawn with
the Shadow Lite hand.
For each object, vision provided 20 pairs of ground truth poses and their
respective estimated poses. Each object was imported in the virtual world of
SIMOX using its ground truth pose. The grasp planner synthesized 10 grasps with
minimum quality metric 0.5. From this list of grasps, the one with the higher
quality metric was kept. The object was then perturbed to its estimated pose. In
order to reveal any difference in performance robustness between position and
orientation errors, position and orientation perturbations were also separately
tested. The change of the grasp quality metric is used to characterize the degree
of robustness on the synthesized grasp. Specifically, for a given pair of poses,
𝑝𝑔 = [𝑅𝑔 𝑡𝑔 ] and 𝑝𝑒 = [𝑅𝑒 𝑡𝑒 ], where 𝑝𝑔 is the ground truth pose and 𝑝𝑒 is the
estimated pose, the position error was calculated as the norm of the position
deviation normalized with respect to the size of the object:
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|𝑡𝑔 − 𝑡𝑒 |
(1),
𝑙
where 𝑙 is the length of the face diagonal of the bounding box of the object.
Position error equal to 1 represents a displacement comparable to the size of the
object.
𝑒𝑝 =

For the orientation error the norm of the orientation deviation calculated from the
outer product formulation was utilized [58]:
1

𝑒𝑜 = | (𝑛𝑒 × 𝑛𝑔 + 𝑠𝑒 × 𝑠𝑔 + 𝑎𝑒 × 𝑎𝑔 )|
2

(2),

where 𝑅𝑔 = [𝑛𝑔 𝑠𝑔 𝑎𝑔 ] and 𝑅𝑒 = [𝑛𝑒 𝑠𝑒 𝑎𝑒 ] are the ground truth and the estimated
rotation matrices. Notice that 𝑒𝑜 ∈ [0, 1].
The change of the grasp quality metric 𝑄𝐶 was calculated in percentile, i.e.:
𝛥𝑄𝐶 = ( 𝑄𝑐 (𝑝𝑔 )– 𝑄𝑐 (𝑝𝑒 )) /𝑄𝑐 (𝑝𝑔 ),
[𝐼 𝑡𝑒 ], 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛
where 𝑝𝑒 = { [𝑅𝑒 0], 𝑜𝑟𝑖𝑒𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛
[𝑅𝑒 𝑡𝑒 ], 𝑏𝑜𝑡ℎ
Results are given in tables 1-3 in Annex III for the three objects. They include for
each of the twenty pairs of ground truth and estimated pose, the position (Eq. 1)
and orientation errors (Eq. 2) and the observed drop down percentage of the
grasp quality metric. Notice that negative values characterize an increase in grasp
quality, i.e. a better grasp. Vision errors of the RAMCIP robot range from 0.0139
to 0.1982 with a mean value of 0.0631 and standard deviation of 0.0296 in
position and from 0.0009 to 0.9861 with a mean value 0.2199 and standard
deviation of 0.2686 in orientation. Notice that orientation errors are more
pronounced with respect to position error.
In the first set of experiments we perturbed only the objects’ position, similarly to
the above error estimates results. The results showed that the 23.33 % of them
led to a mean drop of 0.77% in the grasp quality metric, while in the rest of
them, the quality metric was increased or remained unchanged.
In the second set of experiments, the objects’ orientation was perturbed and
showed that the 83% of them led to a dropdown in the quality metric and the rest
led to no change or increase in quality metric. Specifically, as shown in Figure 5,
a 5% of the experiments led to 90% dropdown or larger while extra 18 % is
above 50%. Furthermore, 39% of the experiments with orientation perturbation
resulted in dropdowns between 10% and 50% (Figure 6). Finally, the 20% of the
experiments led to small dropdowns in the order of 10% or less.
In the last set of experiments, where both position and orientation were
perturbed, the results were similar to the experiments with orientation
perturbation.
Although, the grasp is robust to estimated position errors induced by the RAMCIP
visual sensor, the corresponding orientation errors led to large changes in quality
metric as described above.
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Figure 5. Distribution of changes in quality metric with orientation perturbation

Figure 6. Distribution of dropdown in quality metric between 10% and 50%

3.3 Performance evaluation of Simox with flat objects
Most of the grasping tasks that take place in a domestic environment are related
to objects resting on support surfaces. As grasp planners synthesize grasps that
avoid contacts with the environment, Simox performance in synthesizing object
grasps was investigated in scenes composed of the target object lying on a
supportive surface. As tall objects afford a grasp from a safe distance from the
supportive surface, the study was limited to relatively flat objects.
In general, there is a variety of domestic objects that can be considered flat. A
rigorous definition is given in the next section which describes the novel
strategies for grasping flat objects developed within RAMCIP. In the Simox
evaluation case, we investigated grasp planning with the RAMCIP pills box and
plate (Annex II). We created a scene with a table and a flat object on its surface.
No timeout was set for the planner’s running time. The procedure was terminated
after 24 hours if no grasps are found.
Overall, and owing to the geometry and the kinematics of the RAMCIP hand, it
was found that either no grasp solution or solutions of very low grasp quality are
produced. This is in accordance with recent studies of human grasps that reveal
that humans contact the environment in similar grasp situations [15].
It was therefore imperative to investigate and develop novel strategies that
exploit environmental contact particularly during the grasping of flat objects.

October 2016

21

CERTH

Deliverable D5.2

Dissemination Level (PU)

643433–RAMCIP

4. Grasping flat objects
In general, a grasping strategy should be compatible with three different aspects
of robotic manipulation: stability, task-compatibility and adaptability to
novel objects. With respect to the last, which is a challenging requirement and a
subject of ongoing research, the RAMCIP robot has an object database of known
objects, something that initially mitigates the complexity of the proposed
strategies. Moreover, as RAMCIP will operate within domestic environments, it
should cope with task and environmental constraints. Based on the limitation of
currently developed grasp planners in synthesizing a stable grasp for flat objects,
(Chapter 3) and similar findings in the literature, the robotic hand should
utilize environmental contact with the supportive surface in order to
grasp them, as humans do in daily basis.
By implementing empirical strategies based on human-like approaching and
object geometry, RAMCIP endeavors to grasp flat objects resting on surfaces, like
a pill box or a plate. In particular, given the RAMCIP target use cases defined in
the deliverable D2.1, the robot will be requested to grasp fallen objects, objects
placed in challenging heights, as in a kitchen shelf and successfully manipulate
hinged objects, like handles. The reader can notice that all of these objects are
inextricably linked with regard to the environmental constraints they pose.
In this chapter, we present a framework which complements the classical
approaches that grasp planners utilize, in order to enable grasping of flat objects
in a domestic environment.

4.1 Background and terminology
The dexterity with which humans manipulate a variety of flat objects is
remarkable, as they cope with this task by not only utilizing contact with the
environment, but also by using different strategies depending on constraints
posed by the object or the environment. As a precedent, consider the case of the
different strategies involved in grasping a smartphone, a book or a plate lying on
a table. This chapter presents an approach for selecting a suitable strategy for
grasping flat objects from support surfaces. Grasp strategies generally involve
contact with the support surface and are robust to object pose estimation errors.
Thus, in order to plan the grasping of a RAMCIP object we develop grasp
strategies, presented in the constrain-based taxonomy of Figure 25. The
taxonomy classifies the proposed grasping strategies based on the scene’s
characteristics. In order to fully understand this taxonomy we first need to define
formally some concepts that are extensively used in these methodologies.
In the following sections, we formally define what is considered as a flat object in
the present research, a directly graspable object, a top reachable object and a
non-convex object-surface combination. These characteristics are dynamic object
properties in contrast to static or intrinsic characteristics like colour and
geometry; for example an object can be considered flat depending on its pose
with respect to the support surface.

4.1.1

Flat Object

A flat object is an object that its height w.r.t. the support surface is so small,
that grasping it (or even plan the grasp) without touching the surface is
impossible.
Assuming that the support surface can be approximated by a plane (a table, the
floor etc), we can formally define flat objects within our grasping framework after
providing definitions for the object and the support surface as follows:
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Definition (Object)
A RAMCIP object 𝑂 is considered the set of 𝑁 finite points, 𝑝𝑖 ∈ 𝑅3 , in space with
𝑖 = 1, … , 𝑁. This set of points is bounded by the object’s bounding box.
Definition (Support surface)
A support surface, 𝑆 ∈ 𝑅3 , is the plane (e.g. a table or the floor) with normal
vector 𝑛̂𝑆 and is the surface on which an object 𝑂 is resting.
Definition (Flat object)
An object 𝑂 placed on a support surface 𝑆 with normal vector 𝑛̂𝑆 is flat if:
𝜖1 ≤ sup{|𝑜 − 𝑠|𝑛̂𝑆 | : 𝑜 ∈ 𝑂, 𝑠 ∈ 𝑆} < 𝜖2
Where, 𝜖1 , 𝜖2 ∈ 𝑅 depend on the hand in use.
The above definition states formally that a flat object is considered an object that
its point with the maximum distance from the surface lies between two
thresholds. In particular, an object can be flat for a hand with bulky fingertips,
but not for one with delicate tips. Furthermore, notice that flatness is not an
intrinsic characteristic of the object because it depends on its pose; a lying bottle
can be flat, in contrast to a standing one. This denotes the flatness as a dynamic
characteristic of the object.
Extending our definition we can further define a two-dimensional object. The twodimensional object is an extreme case of the flat object, which introduces more
constraints in grasping. The object’s dimension which is normal to the support
surface is so small that cannot be utilized for grasping. Take for example, a
smartphone and a piece of paper lying on a table. For the human hand the
smartphone is a flat object and the piece of paper is a two-dimensional object,
which, in contrast to the smartphone, cannot be grasped by the side i.e using
contact points on faces normal to the table.
Definition (Two dimensional object)
An object 𝑂 placed on a support surface 𝑆 with normal vector 𝑛̂𝑆 is twodimensional if:
sup{|𝑜 − 𝑠|𝑛̂𝑆 | : 𝑜 ∈ 𝑂, 𝑠 ∈ 𝑆} < 𝜖1
Where, 𝜖1 ∈ 𝑅 depends again on the hand in use.

4.1.2

Directly graspable object

The RAMCIP robot has one robotic manipulator attached to its body, which means
that the grasp strategies developed for RAMCIP should take into account this fact.
Taking this into account, we state that an object can be grasped directly if we can
establish a stable force closure grasp using only the fingers of one hand. For
instance, a cup or a bottle, are objects which can be grasped directly. In contrast,
a big box requires the use of two hands, because its size cannot be fitted in one’s
hand palm. Moving to flat objects, a smartphone can be grasped directly due to
its size, in contrast to a wide tablet device. Notice that in the tablet’s case resting
on a table makes its smallest dimension not usable while the other two
dimensions are very large for a direct grasp.
In order to formalize the
parameters which are involved in the above distinction we define the spread of
the hand and the spread of the object (Figure 7):
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Figure 7. The spread of the hand

Definition (Spread of the hand)
The spread of the hand, 𝑠ℎ𝑎𝑛𝑑 is the maximum distance between two opposable
fingers of the hand.
Definition (Spread of a flat object)
Consider a flat object, 𝑂, resting on the support surface, 𝑆, with normal vector 𝑛̂𝑆 .
The spread of a flat object, 𝑠𝑜𝑏𝑗 , is the length of its smallest, dimension, without
considering the one along the direction of 𝑛̂𝑆 .
Thus, an object can be grasped directly if the spread of the hand is sufficient
compared to the spread of the target object (Figure 8).
Definition (Directly-graspable object)
A flat object is directly graspable if:
𝑠ℎ𝑎𝑛𝑑 > 𝑠𝑜𝑏𝑗

Figure 8. On the left an object which is not directly-graspable. On the right the
object is directly-graspable

4.1.3

Top reachable object

Another property of the object is its top-reachability. The workspace of the robot,
the pose of the object and the surrounding environment are the factors that
should be taken into account in order to know if an object can be reached and
grasped from the top (Figure 9). A more formal definition is given below:
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Definition (Top-reachable object)
Consider an object, 𝑂, resting on the support surface, 𝑆, with normal vector 𝑛̂𝑆 .
Moreover, consider the palm of the hand, 𝑃, as a surface with normal vector 𝑛̂𝑃
pointing inwards the workspace of the fingers. An object is top-reachable if the
palm of the robot can reach a position above the object with orientation:
𝑛̂𝑃 = −𝑛̂𝑆

(a)

(b)

(c)

Figure 9. Visualization of the top-reachable object concept. (a) The object is
topreachable, (b) the object is not top-reachable due to the workspace of the
robot and the position of the object, (c) the object is not top-reachable due to
environmental constraint

4.1.4

Non-convex object-surface combination

Apart from the feasibility of the approaching direction and the spread adequacy,
the grasping approach for RAMCIP takes into account the geometric convexity of
the object-surface combination. This means that we consider the object and its
environment (support surface) as one structure in order to determine the selected
grasp strategy.
The convexity of the geometry of the object-surface combination is recognized by
humans during grasping. The grasping strategy humans use in order to grasp a
plate or the handle on a cupboard takes advantage of the non-convexity present
in the object or scene (e.g. grasp a cup from the handle, a plate from its rim etc.)
Not only they use this property in order to grasp an object, but its usefulness is
so obvious that it is embedded in the objects manufactured (handles in cups,
cupboards etc, see Figure 10).
Definition (Non-convex object-surface combination)
Consider 𝑆𝑂 ⊆ 𝑆 to be the orthogonal projection of 𝑂 on 𝑆. If the set 𝑆𝑂 ∪ 𝑂 is not
convex, then we state that the object-surface combination is non-convex.
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(c)

Figure 10. A visualization of the concept of the non-convexity of the objectsurface combination. The object is marked with red color and the orthogonal
projection of the object on the surface with blue color. (a) A plate lying on a table
is non-convex situation , (b) a handle on a cupboard is also a non-convex
situation, (c) A book placed on the table is a convex situation.

4.1.5

Deformable object

Dealing with deformable objects in the environment is relevant for building robust
robotic systems, especially when operating in domestic environments, as will
RAMCIP. In domestic environments, a robot may have to deal with many
deformable objects such as towels, curtains, or cloth. Ignoring the deformation
properties of the object would clearly limit the tasks a service robot can carry out.
Thus, in our process for selecting a grasp strategy we have to take into
consideration the potential deformability of the object, as well as if the object is
allowed to be deformed. An example is a formal piece of paper to be picked up off
the table, which is not allowed to be crinkled. Apparently, the deformability of an
object is an intrinsic characteristic but the deformation may or may not be part of
the grasp task’s objective.

4.2 Grasp strategies
This section presents the three grasp strategies which are derived for grasping
different flat objects.

4.2.1

Conventions

In the following section, a number of conventions is used during the development
of the grasp strategies:
1. With {𝐴} we denote the reference frame A.
2. With capital 𝐹 and a capital subscript we denote a wrench. Particularly,
𝐹𝐴 ∈ ℝ6 denotes the wrench applied on the origin of {𝐴} expressed in {𝐴}.
Let 𝒇𝐴 , 𝝉𝐴 ∈ ℝ3 be the force and torque component of the wrench,
respectively. Thus:
𝐹𝐴 = [𝒇𝐴 𝝉𝑨 ]𝑇
3. 𝒑𝐴𝐵 ∈ ℝ3 is the position of the origin of {𝐵} w.r.t. {𝐴}. 𝑅𝐴𝐵 ∈ 𝑆𝑂(3) is the
rotation matrix which transfers a vector from {𝐵} to {𝐴}. Finally, 𝑥𝐴𝐵 ∈ 𝑆𝐸(3)
is the pose of {𝐵} w.r.t. {𝐴} consisted by the pair (𝒑𝐴𝐵 , 𝑅𝐴𝐵 ). For simplicity,
we may use only one subscript if we refer to the base frame of the robot.
This, 𝒑𝑨 is the position of the origin of the frame {𝐴} w.r.t. the base frame.
4. 𝑔𝐴𝐵 ∈ 𝑆𝐸(3) is the homogeneous transformation consisted by 𝒑𝐴𝐵 and 𝑅𝐴𝐵 .
5. The matrix Γ𝐴𝐵 ∈ ℝ6𝑥6 is the screw transformation matrix associated with
𝑔𝐴𝐵 , which change both the reference frame and the reference point of a
wrench, thus given 𝑔𝐴𝐵 :
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0
]𝐹
𝑅𝐴𝐵 𝐵

6. We consider the hand’s palm as a surface ℘ with normal vector 𝑛̂℘ pointing
inwards the workspace of the fingers.
7. With lowercase bold letters we denote 3D vectors (𝒏 ∈ ℝ3 ). With uppercase
capital letters we denote matrices (𝑁 ∈ ℝ𝑛×𝑚 ) and with lowercase letters
we denote scalars (𝑛 ∈ ℝ). The hat symbolism is used to denote unit
vectors (||𝒏
̂ || = 1).
8. Regarding a multifinger hand:
a. {𝑁𝑖 } is the frame on the 𝑖-th fingertip, 𝑖 = 0,1, … , 𝑛 and 𝑛 the number
of the hand’s fingers.
b. {𝐺} is the GCP frame placed on the palm of the hand. Its Z-axis is
normal to the palm pointing inwards the workspace of the fingers.
Its Y-axis is parallel to the closing direction of the opposable fingers
(see Figure 11 for an illustration with V1 RAMCIP Hand).

(a)

(b)

Figure 11. The frame {G} on the palm of the hand (red, green, blue denote x,y,zaxis repectively). Notice the different pose of the frame depending on the
configuration oft he fingers. (a) With this configuration the 2 fingers are
opposable to the third (b) configuration with the two opposable fingers.

4.2.1.1

The detected object

Assume, we have an object with a frame {𝑂} placed on its center of its geometry
as perceived by the RAMCIP perception system (Figure 12).
1. Pose of the object is the position and orientation of {𝑂} w.r.t. the world
frame {𝐵}, 𝒙𝐵𝑂 (we use the base frame of the robot {𝐵} as our world
frame).
2. Bounding box is the smallest parallelepiped in which all the points of the
object lie. It is an estimation of the object’s dimensions. A bounding box’s
minimal representation is given by the vector 𝒐𝑂,𝑏𝑜𝑥 ∈ ℝ3 which denotes the
position of one of its vertices w.r.t. {𝑂}. Given the pose of the object we
can express the bounding box w.r.t. {𝐵}, 𝒐𝐵,𝑏𝑜𝑥 ∈ ℝ3 .
̂𝑂,𝑎𝑥𝑖𝑎𝑙 ∈ ℝ3 ; an object is
3. Axial symmetry is symmetry around one axis 𝒐
axially symmetric if its geometry is unchanged when rotated around
̂𝑂,𝑎𝑥𝑖𝑎𝑙 .
𝒐
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Figure 13. The support surface as
defined in the grasping framework. The
figure depicts the surface normal, the
surface limit normal vector attached to
the position which is closest to the
detected object

Figure 12. A detected object. The figure
depicts the bounding box, ist minimal
representation o_(O,box) (black
vector) and the object frame. For this
object the axial symmetry vector is the
Z-axis of its reference frame

Thus we can define a detected object as:
̂𝑂,𝑎𝑥𝑖𝑎𝑙 ) ∈ 𝑆𝐸(3) × ℝ3 × ℝ3
𝑂 ≜ ( 𝒙𝐵𝑂 , 𝒐𝑂,𝑏𝑜𝑥 , 𝒐

4.2.1.2

The support surface

The support surface 𝑺 on which the object is resting is approximated by a plane
with a line boundary which relative position to the object is important for our
grasping strategies. Hence we define the vector which has the following
characteristics:
1. Normal vector is the vector perpendicular to this plane, 𝒏
̂ 𝐵𝑆 expressed in
{𝐵} coordinates.
𝑆
2. Limit normal vector 𝒏
̂ 𝐵,𝑙𝑖𝑚𝑖𝑡
, is the vector perpendicular to the normal
vector and the surface’s boundary line vector , see Figure 13.
3. Limit position, 𝒑𝐵𝑆 , is the position of the object projected on the closest
surface boundary.
Thus, a support surface is defined as (Figure 13):
𝑆 ≜ (𝒏
̂ 𝐵𝑆

4.2.2

𝑆
𝒏
̂ 𝐵,𝑙𝑖𝑚𝑖𝑡
𝒑𝐵𝑆 ) ∈ ℝ3 × ℝ3 × ℝ3

Assumptions

The grasping strategies can operate under the following assumptions:
1. The arm is operating under a Compliance Controller and provides the
following I/O signals:
o Current Cartesian pose of {𝑇} w.r.t. {𝐵}: 𝑥𝑇
o Current external wrench on {𝑇} w.r.t. {𝑇}: 𝐹𝑇
o Commanded Cartesian pose of {𝑇} w.r.t. {𝐵}: 𝑥𝑇𝑐
o Commanded additional wrench on {𝑇} w.r.t. {𝑇}: 𝐹𝑇𝑒𝑥𝑡
o Commanded compliance parameters: 𝐾𝐷
Where
{𝑇} is the tool frame, i.e. the frame on the base of the hand (the
point which the arm’s kinematic chain is connected to the hand)
o {𝐵} is the frame on the base of the robot
2. From the perception algorithms the following data for the target object are
available:
o
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The current pose of {𝑂} w.r.t. {𝐵}: 𝒙𝑂 . Given that the homogeneous
transformation 𝑔𝐵𝑂 is known.
o The bounding box of the object w.r.t. {𝑂}: 𝒐𝑂,𝑏𝑜𝑥 ∈ ℝ3
̂𝑂,𝑎𝑥𝑖𝑎𝑙 ∈ ℝ3
o The axial symmetry of the object w.r.t. {𝐵}: 𝒐
3. From the perception algorithms the following data for support surface are
available:
o The normal vector of the surface w.r.t. {𝐵}: 𝒏
̂ 𝐵𝑆
𝑆
o The normal vector of the limit of the surface w.r.t. {𝐵}: 𝒏
̂ 𝐵,𝑙𝑖𝑚𝑖𝑡
𝑆
o The limit position: 𝒑𝐵
4. The hand’s fingers are intrinsically or actively compliant.
o

4.2.3

The different phases of each grasp strategy

Three grasp strategies are proposed within the RAMCIP’s grasping framework.
They all consist of three phases: a planning phase with the object to calculate
the Initial Grasp Pose (IGP) determined by the strategy, the approaching
phase whose goal is to reach a Pregrasp Pose (PGP) determined by the
strategy and the final grasping phase where the fingers are utilized for grasping
the object. This section describes these three phases for each of the three
proposed grasp strategies.
The IGP is the Cartesian pose of the robot’s {𝐺} w.r.t. {𝐵}, 𝑥𝐺𝐼𝐺𝑃 . The IGP is
accompanied with the initial configuration (preshape) of the fingers 𝐶 𝐼𝐺𝑆 ∈ ℝ𝑚 ,
where 𝑚 the total DOFs of the hand. The IGP should be reached before the
second phase of reaching the PGP begins. For each strategy, multiple IGPs can be
produced providing multiple possibilities in order to compensate for constraints
like obstacles surrounding the target object or kinematic constraints of the arm.
Components which contain the information with respect to these constraints,
select one of the IGPs.
The PGP is the Cartesian pose of the robot’s {𝐺} w.r.t. {𝐵}, which involves contact
with the environment. The PGP should be reached before the closing of the
fingers begins.
During the grasping phase the fingers are closing, establishing contact with the
target object.
Figure 14 depicts a block diagram for the different phases during grasping.

Figure 14. A block diagram showing the different phases during the execution of
a grasp strategy.

4.2.4

Strategy Alpha

4.2.4.1

Concept

Figure 15 depicts the concept of this strategy. During the initial stage of the
strategy, after the end-effector has reached the selected IGP, it approaches the
support surface. The estimated orientation of the support surface may include
errors which the strategy should compensate for. The hand compliantly lands on
the surface, and the external force on the fingers are utilized to allow the hand to
land on the surface with the correct orientation, establishing contact with the
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surface with all the required fingertips. After the contact has been established,
the fingers close while maintaining contact with the surface.
The strategy exploits environmental constraints by involving direct contact with
the support surface, providing also robustness to estimation errors of the support
surface.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 15. The concept of strategy-α: (a) After the hand has reached the Initial
Grasping Pose it approaches the support surface, probably with error in the
orientation (b) One finger establishes contact with the surface (c) the hand lands
on the surface compliantly with every finger reaching the Pregrasp Pose, (d) The
fingers start to closing while keeping contact with the surface, (e) The hand
grasps the object, (f) The object can be picked up off the table for further
manipulation

This strategy is utilized in case of a top-reachable and directly graspable flat
object. Consider the use case in which a pills box (a flat object) is resting on a
table. Assuming absence of obstacles above the object and because of the height
of a table the object would be top-reachable. Furthermore, the size of the object
denotes a directly graspable object. Consequently, this strategy would fit for this
task.

(a)
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(e)

(f)

Figure 16. Strategy alpha for grasping a deformable object.

The same strategy can be used for a top-reachable, deformable object, whose
deformation is allowed. In this case the direct graspability of the object is
irrelevant, as it can be seen in Figure 16.

4.2.4.2

Calculating the Initial Grasp Pose

For this strategy we produce a set of IGPs depending on the axial symmetry of
the object. If the object has an axial symmetry parallel the surface normal, then
the set of the possible IGPs includes all the poses of the hand above the object.
In case the object is not symmetric along the surface normal, the possible grasps
are four: every grasp pose is such that the opposable fingers utilized for the
grasping will establish contact points on two out of four of the faces of the
bounding box which are parallel to the surface normal (Figure 17).
𝐼𝐺𝑃
Thus, the IGP 𝑥𝑂𝐺
of this strategy is calculated as follows:

𝒑𝐼𝐺𝑃
̂ 𝑂𝑆
𝑂𝐺 = 𝜖 𝒏
𝐼𝐺𝑃
𝑅𝑂𝐺

= [−𝒌 ×

𝒏
̂ 𝑂𝑆

𝜖∈ℝ
𝒌

−𝒏
̂ 𝑂𝑆 ]

Where 𝜖 ∈ ℝ a small constant representing the initial distance of the palm from
the support surface and 𝒌 ∈ ℝ3 is a unit vector which:
𝒌= {

̂𝑂,𝑎𝑥𝑖𝑎𝑙 ∙ 𝒏
{𝒌 ∈ ℝ3 ∶ 𝒌 ∙ 𝒏
̂ 𝑂𝑆 = 0}, 𝑓𝑜𝑟 |𝒐
̂ 𝑂𝑆 | = 0
{𝒌 ∈ ℝ3 ∶ |𝒌 ∙ [0 1 0]𝑇 | = 0 𝑜𝑟 |𝒌 ∙ [0 1 0]𝑇 | = 1},
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(a)

(b)

Figure 17. The produced IGPs for strategy-alpha. (a) The object is symmetrical
arount its z-axis. (b) The object is not symmetrical.
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𝐼𝐺𝑃
𝐼𝐺𝑃
Finally, each initial grasping pose 𝑥𝑂𝐺
= (𝒑𝐼𝐺𝑃
𝑂𝐺 𝑅𝑂𝐺 ) we can be expressed w.r.t. the
base frame of the robot, given the pose of the object:
𝐼𝐺𝑃
𝑥𝐺𝐼𝐺𝑃 = 𝑔𝐵𝑂 𝑥𝑂𝐺

4.2.4.3

Reaching the Pregrasp Pose

This section presents a more technical description of the strategy-alpha, which
leads into the low-level implementation of the strategy in the RAMCIP robot.
Algorithm 1 demonstrates the logical flow for reaching the pregrasp pose. The
arm is operated under a Compliance controller and is commanded with an
external wrench which is the sum of two components: one external force, 𝐹𝑇𝑑𝑒𝑠 ,
𝑝𝑟𝑜𝑗
opposite to the surface normal and one external wrench 𝐹𝑀
which contains the
external forces and torques produced by the contact of the fingertips with the
environment. Before the fingertips establish contact with the support surface, the
first component results in an arm motion towards the support surface. Partial
𝑝𝑟𝑜𝑗
contact of the fingertips produces the wrench 𝐹𝑀
which is required for the
proper translation and rotation of the hand, so that a full contact (with all
required fingertips) will be achieved. In the equilibrium, the two wrenches are
equal and the motion stops.
Algorithm 1: StrategyAlphaReachPGP()
1

𝑝𝑇𝑐𝑚𝑑 = 𝑝𝑇𝑚𝑠𝑟

2

while (|𝑑𝑝| > 𝜖)

Run the loop until the equilibrium (zero velocity)

3

Calculate 𝐹𝑀

4

𝐹𝑇𝑑𝑒𝑠 = [−𝑎 𝑛̂𝑆 𝟎]𝑇

5

𝐹𝑇𝑐𝑚𝑑 = 𝐹𝑀

6

)𝑑𝑡) 𝒏
𝑑𝑝 = (𝒏
̂𝑆 ∙ 𝑘(𝒑𝑚𝑠𝑟
− 𝒑𝑐𝑚𝑑
̂𝑆
𝑇
𝑇

7

𝑝𝑇𝑐𝑚𝑑 = 𝑝𝑇

8

𝑅𝑐𝑚𝑑
= 𝑅𝑚𝑠𝑟
𝑇
𝑇

9

𝑝𝑟𝑜𝑗

𝑝𝑟𝑜𝑗

Calculate the desired force for approaching
the surface
Command the external wrench of the arm

+ 𝐹𝑇𝑑𝑒𝑠

𝑐𝑚𝑑,𝑝𝑟𝑒𝑣

Calculate the desired next position
Command the position of the arm

+ 𝑑𝑝

Command the orientation of the arm

End While

In order to calculate the contribution of the external forces on the fingertips on
the commanded wrench, we assume {𝑀} is the frame in the middle of the fingers.
In case of 3 fingers, we define the frame {𝑀} using the following homogeneous
transformation:
𝐼
𝑝𝑊𝑀
𝑔𝑊𝑀 = [ 3𝑥3
]
0
1
With:
𝑝𝑊𝑀 =

𝑝𝑊𝑁𝑜 +

𝑝𝑊𝑁1 +𝑝𝑊𝑁2
2

2
Let 𝐹𝑁𝑖 be the external wrench on the fingertip 𝑖. We assume that we can only
measure force on the fingertips, meaning the torque component of the wrench is
considered zero.
Initially during the strategy, we project the 𝐹𝑁𝑖 in the estimated surface normal 𝒏
̂ 𝐵𝑆
which is expressed in {𝐵} coordinates. We express the estimated surface normal
in {𝑁𝑖 } in order to be able to perform this projection:
𝑝𝑟𝑜𝑗

𝑓𝑁𝑖

= (𝑓𝑁𝑖 ∙ 𝑛̂𝑆,𝑁𝑖 ) 𝑛̂𝑆,𝑁𝑖 ∈ ℝ3

𝑝𝑟𝑜𝑗

𝐹𝑁𝑖
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Then we sum these projected wrenches after we transferred them in frame {𝑀}:
𝑝𝑟𝑜𝑗

𝐹𝑀,𝑖

𝑝𝑟𝑜𝑗

= ΓMNi 𝐹𝑁𝑖

Notice that Γ𝑀𝑁𝑖 is known as assumption 4 of section 4.2.2 implies.
Finally we sum these projected wrenches expressed in {𝑀}:
𝑛
𝑝𝑟𝑜𝑗
𝐹𝑀

𝑝𝑟𝑜𝑗

= 𝐾 ∑ 𝐹𝑀,𝑖
𝑖=1

This final wrench is containing the information for the forces exerted on all of the
fingertips in the direction of the surface normal and also the information of the
torques that these forces produce in the middle of the fingers {𝑀}. Assuming {𝑀}
and {𝑇} have the same orientation and are just translated along the approaching
𝑝𝑟𝑜𝑗
𝑝𝑟𝑜𝑗
direction 𝐹𝑀
= 𝐹𝑇 .
We command the robot’s arm at the tool with a control force 𝐹𝑇𝑐𝑚𝑑 equal to the
projected wrenches.
𝑝𝑟𝑜𝑗

𝐹𝑇𝑐𝑚𝑑 = 𝐹𝑇

+ 𝐹𝑇𝑑𝑒𝑠

Where 𝐹𝑇𝑑𝑒𝑠 is an external force of magnitude 𝑎 ∈ ℝ in the direction of the surface
normal. This force moves the robot towards the surface with no load on the
fingertips, and reaches an equilibrium where the total force that the fingers exert
on the surface has magnitude 𝑎 ∈ ℝ:
𝐹𝑇𝑑𝑒𝑠 = [−𝑎𝑛̂𝐵𝑆

4.2.4.4

𝟎]

Grasping the object

After the hand has landed on the support surface the fingers start closing using
the joint position controllers. While the fingers close, they exert forces on the
wrist of the arm. Due to its compliance, the arm is moving upwards while the
fingers are maintaining contact with the support surface. The contact
maintenance is achieved due to the additional commanded external force of the
arm. In this phase the arm is commanded as follows:
𝐹𝑇𝑐𝑚𝑑 = 𝐹𝑇𝑑𝑒𝑠

4.2.5

Strategy Beta

4.2.5.1

Concept

Figure 18 depicts the concept of strategy beta. This strategy is implemented in
cases where the object-surface combination is non-convex, e.g. a plate resting on
the table.
The strategy exploits environmental constraints by involving direct contact with
the support surface providing also robustness in estimation errors of the support
surface’s normal vector.
After the hand reaches the selected IGP,
support surface. Then it slides towards
object. Finally the fingers are closing
description of the different phases of
sections.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 18. The concept of strategy b. (a) The hand having reached the selected
IGP it approaches the support surface with a predefined trajectory, (b) The hand
establishes contact with the support surface, (c) Due to the compliance of the
fingers the finger complies due to the contact forces with the support surface.
This changes the position of the finger, (d) Due to the change of the finger’s
position the contact is recognized and a new direction is given to the arm. (e) The
hand recognizes the contact with the object meaning that we have reached the
PGP. (f) The object is grasped.

4.2.5.2

Calculating the Initial Grasp Pose

For this strategy we produce a set of IGPs which are computed given as
parameters the desired angle 𝜃, an offset 𝜖 and a desired height ℎ (see Figure
20). Angle 𝜃 is the angle between the line of the approaching direction and the
support surface. It is generally related to the initial preshape of the fingers and in
particular the distal link of the finger that will initially come in contact with the
support surface (Figure 19). At the moment, it is determined offline in a way so
that 𝜃 ∈ (0, 𝜋). Multiple values of this parameter can produce a number of IGPs.
The offset 𝜖 is a distance from the object when the fingers land on the surface
and should be sufficient enough in order to compensate position estimation errors
of the object. This offset accommodates the objective to avoid collision before the
hand lands on the surface.
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Figure 19. The angle θ is depended from the desired angle ϕ of the distal link with
the surface and the initial configuration of the fingers. ϕ∈(0,π/2) , in order to
ensure its displacement and facilitate sliding.

The height ℎ is the distance of the {𝐺} from the support surface.
𝐼𝐺𝑃
The IGP 𝑥𝑂𝐺
of this strategy is calculated as follows:
ℎ
𝒑𝐼𝐺𝑃
̂ 𝑶𝑆 + (𝒐𝑏𝑜𝑥
)
𝑂𝐺 = ℎ 𝒏
𝑶 +𝜖+
tan(𝜃)
𝜋
𝐼𝐺𝑃
𝑅𝑂𝐺
= 𝑅𝑝 𝑅𝑥 ( − 𝜃) [−𝒌 × 𝒏
̂ 𝑂𝑆
𝒌
2
Where 𝒌 ∈ ℝ3 is a unit vector for which:

𝜖∈ℝ
−𝒏
̂ 𝑂𝑆 ]

̂ 𝑂𝑆 = 0}, 𝑓𝑜𝑟 |𝒐𝑎𝑥𝑖𝑎𝑙
̂ 𝑂𝑆 | = 0
{𝒌 ∈ ℝ3 ∶ 𝒌 ∙ 𝒏
∙𝒏
𝑜
𝒌= {
3 |𝒌 [0
𝑇|
𝑇
{𝒌 ∈ ℝ ∶
∙ − 1 0] = 0 𝑜𝑟 |𝒌 ∙ [0 − 1 0] | = 1},
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑅𝑥 (𝜃) is the basic rotation around the x-axis:
1
0
0
𝑅𝑥 (𝜃) = [0 𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃 ]
0 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
and 𝐼3 is the identity matrix and 𝑅𝑧 (𝜋) the basic rotation around the z-axis:
𝐼
𝑅𝑝 = { 3
𝑅𝑧 (𝜋)

Figure 20. Initial Grasping pose for strategy beta
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In case of a symmetrical object (like a plate) multiple IGPs can be produced
(Figure 21).
𝐼𝐺𝑃
𝐼𝐺𝑃
Each initial grasping pose 𝑥𝑂𝐺
= (𝒑𝐼𝐺𝑃
𝑂𝐺 𝑅𝑂𝐺 ) is expressed w.r.t. to the base:
𝐼𝐺𝑃
𝑥𝐺𝐼𝐺𝑃 = 𝑔𝐵𝑂 𝑥𝑂𝐺

Figure 21. The produced initial poses for strategy-b. The object is symmetric
around its z-axis (e.g. a plate).

4.2.5.3

Reaching the Pregrasp Pose

Figure 22. The initial direction of the end-effector

After the initial IGP has been reached the arm is commanded an initial velocity of
̂0𝑇 where 𝒗
̂0𝑇 ∈ 𝑅3 unit vector, as in Figure 22. The direction
norm 𝑣𝑇0 and direction 𝒗
0
̂ 𝑇 is initially set on the direction of the palm’s normal which pointing towards the
𝒗
surface, after reaching IGP:
̂0𝑇 = 𝑅𝐺𝐼𝐺𝑃 [0 0 1]𝑇
𝒗
This direction of the velocity is updated in case the back of the fingers contact the
support surface. This contact is detected based on the motion of the fingers w.r.t.
the base of the hand, due to their compliance. Detection is enabled by
continuously monitoring the following quantity:
𝑝𝑟𝑒𝑣
𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 = 𝑅𝐵𝑊 (𝑝𝑊𝑁𝑘 − 𝑝𝑊𝑁𝑘 )
If 𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 ≠ 0, we have contact with the surface, and update the direction of the
motion of the arm as follows:
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̂0𝑇 = 𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟
𝒗
Thus:
𝒗0𝑇 , 𝑖𝑓 𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 = 0
𝒗𝑇 = {
𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 |𝒗𝟎𝑇 | 𝑖𝑓 𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 ≠ 0
Algorithm 2 demonstrates this logical flow in pseudocode form.
Algorithm 2: StrategyBetaReachPGP()
1

while 𝐹𝑁𝑖 < 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

Run the loop until the fingertips touch the
object (external forces sensed at the tips)
𝑝𝑟𝑒𝑣

2

𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 = 𝑅𝐵𝑊 (𝑝𝑊𝑁𝑘 − 𝑝𝑊𝑁𝑘 )

3

If 𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 = 0

4

If there is no change
The direction of the motion is the nominal

̂ = 𝑣̂𝑇0
𝒎

5

Else

6

̂ =
𝒎

If there is a change (established contact)
The direction of the motion is given by the
infinitesimal movement of the finger
(detection of surface)

𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟
|𝑑𝑝𝑓𝑖𝑛𝑔𝑒𝑟 |

7

End if

8

̂ |𝑣𝑇0 |
𝒗𝑻 = 𝒎

9

Calculate the fingertip position w.r.t. the
wrist

Command the velocity of the tool frame

End while

4.2.5.4

Grasping the object

After the PGP has been reached, the fingers start closing using the joint position
controller of the fingers. Having obtained empirically a final configuration of the
fingers, we provide joint trajectories on the fingers in order to reach this final
configuration.
A failure during grasping is detected by the zero external forces on the fingertips.
In case of failure, a higher level decision maker (the RAMCIP’s Task Planner) will
be informed, in order to decide on the appropriate action, as to initiate again the
grasping process.

4.2.6

Strategy Gamma

4.2.6.1

Concept

Figure 23 depicts the concept of strategy gamma. This strategy spans the
following cases:



The object is not top-reachable and the object-surface combination is
convex. Examples are a pill box or a book on a high shelf.
The object is top-reachable (e.g. placed on a table), but is not directly
graspable (e.g. a book) and the object-surface combination is convex.

After the hand reaches the IGP, lands on the object with the dominant finger
synergy and maintains contact with a constant force. The opposable residual
fingers close until an external force is encountered. Then the arm starts moving,
thus invoking the object’s sliding on the surface. The assumption is that the
friction between fingertip and the object is adequate to sustain the tangential
forces which drive the sliding. Non-prehensile manipulation is in general an open
research problem and out of the scope of this work. As the fingers are trying to
close, when the surface constrain vanishes a fast finger closing establishes an
opposable grasp.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 23. The concept of strategy c. (a) The end-effector reaches the IGP, (b)
The hand approaches the object until the dominant finger lands on the object, (c)
the hand reaches the PGP by recogniseing the contact exerting a constant force,
(d) The residual finger is closing utilizing force control, (e, f) The hand is
moving in the direction of the normal vector on the surface limit, while the
residual finger is closing due to the force controller.

4.2.6.2

Calculating the Initial Grasp Pose

For this strategy we produce a set of IGPs depending on the data from the
detected object and the support surface.
𝐼𝐺𝑃
Thus, the IGP 𝑥𝐵𝐺
of this strategy is calculated by calculating a desired pose of the
dominant finger 𝑘. The dominant finger can be seen in Figure 23.




The position of the {𝐺} frame is calculated by the desired position of the
fingertip of the dominant finger 𝑘. The desired position of the fingertip is
offseted from the position of the object by a distance 𝜖. Note that if the
distance between the limit of the surface and the pose of the object is
larger than the distance of the fingertip from {𝐺}, the object is not
reachable and the palm will collide with the edge of the surface. Thus the
position of {𝐺} is selected as:
𝒑𝐼𝐺𝑃
̂𝑆 ) − 𝑝𝐺𝑁𝑘 𝑓𝑜𝑟 |𝒑𝐺𝑁 | > |𝒑𝐵𝑂 − 𝒑𝑆 |,
𝜖∈ℝ
𝐵𝐺 = (𝒑𝐵𝑂 + 𝜖 𝒏
The position of the {𝐺} frame is calculated by the desired position of the
fingertip of the dominant finger 𝑘, 𝑅𝐵𝑁𝑘 . The fingertip’s z-axis should be
aligned with the opposite direction of the surface normal. The fingertip’s yaxis should be aligned with the opposite direction of the surface limit in
order to approach the surface. Furthermore, multiple orientations are
provided around a range of angles around the x-axis of the frame, thus:
𝐼𝐺𝑃
𝑅𝐵𝑁
= 𝑅𝑥 (𝜃)[𝒏
̂𝑆𝑙𝑖𝑚𝑖𝑡 × 𝒏
̂𝑆 − 𝒏
̂ 𝑙𝑖𝑚𝑖𝑡
−𝒏
̂𝑆 ] 𝜃 ∈ [−𝜃1 , 𝜃1 ]
𝑠
𝑘
𝐼𝐺𝑃
𝐼𝐺𝑃
𝑅𝐵𝐺
= 𝑅𝐺𝑁𝑘 𝑅𝐵𝑁
𝑘

With 𝑅𝑥 (𝜃) the basic rotation around the x-axis:
1
0
0
𝑅𝑥 (𝜃) = [0 𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃 ]
0 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
And 𝜃1 a threshold angle for the different grasping poses.
Figure 24 illustrates and example of the produced 𝒙𝐼𝐺𝑆
𝐵𝐺 .
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Reaching the Pregrasp Pose

Algorithm 2 demonstrates the logical flow for reaching the pregrasp pose in
strategy gamma. Notice that the algorithm is the same as in strategy alpha,
except that in this case we use the wrench only of the dominant finger to land
compliantly.

Figure 24. The calculated IGPs for strategy gamma

Algorithm 2: StrategyGammaReachPGP()
1

𝑝𝑇𝑐𝑚𝑑 = 𝑝𝑇𝑚𝑠𝑟

2

while (|𝑑𝑝| > 𝜖)

3

Calculate 𝐹𝑁𝑑

4

𝐹𝑇𝑑𝑒𝑠 = [−𝑎 𝑛̂𝑆 𝟎]𝑇

5

𝐹𝑇𝑐𝑚𝑑 = 𝐹𝑇𝑑𝑒𝑠

6

)𝑑𝑡) 𝒏
𝑑𝑝 = (𝒏
̂𝑆 ∙ 𝑘(𝒑𝑚𝑠𝑟
− 𝒑𝑐𝑚𝑑
̂𝑆
𝑇
𝑇

7

𝑝𝑇𝑐𝑚𝑑 = 𝑝𝑇𝑐𝑚𝑑 + 𝑑𝑝

8

𝑅𝑐𝑚𝑑
= 𝑅𝑚𝑠𝑟
𝑇
𝑇

9

Run the loop until the equilibrium (zero velocity)
Calculate the wrench on the dominant finger

𝑝𝑟𝑜𝑗

Calculate the desired force for approaching the
surface
Command the external wrench of the arm
Calculate the desired next position
Command the position of the arm
Command the orientation of the arm

End While

Let 𝐹𝑁𝑑 be the external wrench on the fingertip 𝑑. We assume that we can only
measure force on the fingertips, meaning the torque component of the wrench is
considered zero.
Initially during the strategy, we project the 𝐹𝑁𝑑 in the estimated surface normal 𝒏
̂ 𝐵𝑆
which is expressed in {𝐵} coordinates. We express the estimated surface normal
in {𝑁𝑑 } in order to be able to perform this projection:
𝑝𝑟𝑜𝑗

𝑓𝑁𝑑

= (𝑓𝑁𝑑 ∙ 𝑛̂𝑆,𝑁𝑑 ) 𝑛̂𝑆,𝑁𝑑 ∈ ℝ3

𝑝𝑟𝑜𝑗

𝐹𝑁𝑑
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This final wrench is containing the information for the forces exerted on the
dominant fingertip in the direction of the surface normal. Then we command the
robot’s arm with an external addition wrench:
𝑝𝑟𝑜𝑗

𝐹𝑇𝑐𝑚𝑑 = 𝐹𝑁𝑑

+ 𝐹𝑇𝑑𝑒𝑠

Where 𝐹𝑇𝑑𝑒𝑠 is an external force of magnitude 𝑎 ∈ ℝ in the direction of the surface
normal. This force moves the robot towards the surface with no load on the
fingertips, and reaches an equilibrium where the total force that the fingers exert
on the surface will be 𝑎.
𝐹𝑇𝑑𝑒𝑠 = [−𝑎𝑛̂𝐵𝑆

4.2.6.4

𝟎]

Grasping the object

The proximal joint of the residual finger 𝑟 is controlled by the following:
𝑞̇ 𝑟0 = 𝐾(𝑓𝑟𝑒𝑓 − |𝑓𝑁𝑟 |)
Where 𝑞̇ 𝑟0 the joint velocity of the joint, 𝐾 a gain, 𝑓𝑟𝑒𝑓 ∈ ℝ the desired force and
|𝑓𝑁𝑟 | the norm of the force measured on the tip of this finger. This simple
controller commands a velocity proportional to the error of the measured force
norm, which means that the finger will close until it collides with the surface or
the object with force 𝑓𝑟𝑒𝑓 .
Then the arm moves in Cartesian space along the direction of the surface’s limit
normal vector while the finger is operated by the above control law. The velocity
of the arm is smaller than a tunable threshold in order to grasp the object before
this falls due to gravity. This threshold is determined by the velocity of the finger
and thus by the gain 𝐾.

4.3 Taxonomy
Taking into account the characteristics of the target object described in Section
4.1 and the above grasp strategies (Section 4.2), the following taxonomy is
derived and is depicted in Figure 25.
The first layer of the taxonomy checks if the object is flat or two-dimensional.
Strategies alpha, beta, or gamma are selected in case we have a flat or a twodimensional object. Otherwise classical approaches are utilized involving the use
of the grasp planner SIMOX.
The second layer of the taxonomy evaluates whether the object is top-reachable,
directly graspable, or if the object-surface combination is non-convex. In case of
a two-dimensional object the taxonomy checks if the object is deformable and if
its deformation is allowed.
The third layer determines the related strategy.
Strategy alpha is utilized for top reachable and directly graspable objects like the
RAMCIP object of pill box, a small fallen object or a smart phone. Also the same
strategy can be used for a top-reachable object which is allowed to be deformed,
like a useless piece of paper or cloth. Notice, that in this case the taxonomy does
not check if the object is directly graspable, because is unrelated information.
Strategy beta is utilized for objects in case we have a non-convex object-surface
combination. Imagine a top-reachable object which is wide enough to be grasped
with strategy alpha, like a plate. This strategy exploits this non-convex geometry.
In the case of the plate the grasping strategy targets the rim of the plate.
Strategy gamma is utilized when the other two strategies cannot. One of the
most constrained situation is a flat object, which cannot be grasped directly and is
convex with the surface, like a book or a tablet device. Then, non-prehensile
manipulation should precede the actual grasping.
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Classical approaches involve the planned grasps from the state-of-art grasp
planner Simox as described in Section 3. Produced grasps by Simox are stored for
each object in a database in order to be retrieved online.

Figure 25. A constraint-based taxonomy of grasp strategies for grasping flat
objects The green arrows denote a „Yes“ answer and the red arrows a „No“
answer.
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5. Implementation
5.1 Software architecture
The consortium has reached a consensus on using the ROS framework for
developing the RAMCIP software. Thus, the software modules which implement
the above algorithms for the grasp strategies are developed as ROS packages.
Also, these packages are compliant with the interfaces and conventions of ROS in
order to avoid the integration overhead with the rest of RAMCIP’s software.

5.1.1

RAMCIP Grasp Planner Component

The RAMCIP Grasp Planner Component (GPC) is the module which decides on the
grasp strategy. The GCP consists of two submodules which are implemented in
C++ classes:



5.1.2

Decision Maker: This submodule implements the taxonomy and provides
the selected strategy. It receives as inputs the object/surface and
produces as output the selected strategy.
Initial Grasp Pose Generator: This submodule produces a number of
initial grasping poses for the strategy selected by the Decision Maker. In
case of the classical approaches strategy, the generator reads the grasps
produced by Simox offline from a database.

RAMCIP Grasp Controller Component

GCC implements the algorithms for each of the strategy produced by GPC. This
component:



5.1.3

Implements the algorithms for reaching the Pregrasp Pose and the
grasping of the objects by controlling the hand’s fingers.
Provides all the necessary interfaces for communication with the RAMCIP
arm and hand (reading and writing to the RAMCIP arm/hand)

Integration with adjacent software components

Figure 26 demonstrates the RAMCIP software components involved during
grasping an object.
Initially, the Task Planner sends to Grasp Planner (GP) the label of the object that
it is needed to be grasped. The GP then triggers the Object Detection which
identifies the target object and the support surface and provides them to GP.
Then the GP processes these data, decides on the grasp strategy and produces a
number of possible Initial Grasping Poses. This set of IGPs is sent to the Arm
module, which is aware of the obstacles on the scene and the reachability of the
IGPs. The Arm module selects one of the IGPs as a feasible pose. If none of the
IGPs are feasible then the GP returns to the Task Planner a notification for the
non-feasibility of the task.
The selected IGP is sent to the Grasp Controller (GC) component along with the
selected strategy and the needed parameters. GC performs the grasp strategy by
sending commands to the Arm Modules and the hardware of the fingers.
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Figure 26. The block diagram showing the key software components which are
involved during grasping

5.2 Experimental results
The initial experimentation with the above grasp strategies were performed using
the Shadow Hand Lite, provided by SHADOW partner in M11 (Figure 27). The
hand is composed by 4 fingers. The thumb is fully actuated with 4 DOFs, while
the other 3 fingers has 3 actuated DOFs and one under-actuated distal joint each,
resulting in 16 actuated DOFs.

Figure 27. Shadow Hand Lite

The second
provided by
DOFs each,
arranged on
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series of experiments was conducted using the V1 RAMCIP Hand
SHADOW partner in M19. The V1 RAMCIP Hand has 3 fingers with 2
resulting 6 DOFs in total. Also its two fingers can be manually
the palm in 3 different configurations as shown in Figure 28.

43

CERTH

Deliverable D5.2

Dissemination Level (PU)

643433–RAMCIP

Figure 28. The V1 RAMCIP Hand and its four diferent configurations, as the two
fingers can be passively rotated in steps of 30 degrees.

Both hands have integrated OPTOFORCE sensors on their fingertips, which
provide external force measurements (amplitude and direction) [56]. Moreover,
both hands have intrinsically compliant finger joints.
Among one of the differences in the kinematics of the hand is that the fingers of
V1 RAMCIP Hand are fully-actuated in contrast to Shadow Hand Lite.
The following figures demonstrate frames from the experiments conducted with
the two hands.
Figure 29-Figure 31 demonstrate the initial experiments for the proposed grasp
strategies using the Shadow Hand Lite and the KUKA LWR4+ arm as the available
equipment for our experimental setup. The figures demonstrate grasping of a pill
box from a table, a plate or an object from a high shelf, using the methods
presented in the previous chapters.
Figure 32-Figure 35 shows snapshots from experiments with KUKA LWR4+, V1
RAMCIP Hand and a Kinect camera for the scene perception. These experiments
involve grasping of a bottle of water (standing on the table, or fallen) and
grasping a pill box from a table and from a high shelf, by utilizing the appropriate
proposed strategy. For each grasping task, we demonstrate the point cloud of the
scene as seen by the camera and snapshots from the real scene. On the point
cloud the detected object is shown (pose, bounding box) as well as the IGPs
produced by the Grasp Planner.
October 2016

44

CERTH

Deliverable D5.2

Dissemination Level (PU)

643433–RAMCIP

Notice that, experiments were conducted using the experiment setup available
within T5.2. In order to ensure the performance of these methodologies in
RAMCIP robot, further experiments will be conducted on the actual RAMCIP robot.

Figure 29. Experimentation with Shadow Hand Lite for strategy a

Figure 30. Experimentation with Shadow Hand Lite for strategy-beta
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Figure 31. Experimentation with Shadow Hand Lite for strategy gamma

Figure 32. Grasping a non-flat object (a bottle of water) with classical
approaches. In the first figure the hand is approaching the object establishing
IGP. In the second figure the object is grasped. With red and green the support
surfac and the obstacles as de
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Figure 33. Grasping a fallen bottle of water

Figure 34. Grasping a pill box from a table with V1 RAMCIP Hand
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Figure 35. Grasping a pill box from a high shelf with strategy alpha and V1 Hand.
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6. Conclusions
This deliverable presented the developed methodologies and their results as these
have been achieved at the current project stage in the scope of the RAMCIP Task
5.2 “Grasping initialization and stabilization”. In particular, it reports the methods
which aim to establish the core grasping framework of RAMCIP robot.
The development of these methodologies aims to provide a robust solution for
grasping objects in a realistic domestic environment. In order to ensure
operability in realistic scenarios, as these are described by the identified use
cases of the RAMCIP robot (D2.1), new grasping methodologies were developed
and tested after state-of-art grasping algorithms were evaluated. The newly
developed methodologies were tested on real robotic hardware which resembles
the hardware of the RAMCIP robot, suitable for ensuring appropriate functionality.
The first part of the presented research involved a review of the main state of the
art grasp planners towards the selection of one grasp planner for further
evaluation with respect to RAMCIP needs. In particular, GraspIt!, Simox and
OpenRAVE were considered. Grasp planner Simox was selected for further
evaluation due to its advantages over the other available planners. The
performance evaluation of the Simox using objects related to the RAMCIP target
use cases, revealed lack of robustness to object orientation errors and inabilities
on planning grasps for flat objects, which are included in RAMCIP object set. In
order to address this issue and provide RAMCIP with grasping skills for these
types of objects, it was crucial to investigate and develop novel strategies that
exploit environmental contact.
The second part of the reported research presented a framework which
complements the classical approaches that grasp planners utilize, in order to
enable grasping of flat objects in a domestic environment. This framework
considers the object and its environment in a variety of situations and provides
three grasp strategies which spans the objectives of RAMCIP robot use-cases.
Furthermore, the framework provides a taxonomy for deciding on the desired
grasp strategy for each situation, based on data provided by the perception
algorithms (D3.1). For each of the three grasp strategies we described how a
plethora of options is produced, in order to compensate for constraints like
obstacles or kinematic constraints of the arm. Finally, we described how the
selected grasp strategy is performed in order to grasp the target object, by
controlling the end-effector.
The methods presented in this deliverable were tested and evaluated on the
available hardware. Moreover, the initial integration with the current perception
algorithms of RAMCIP was performed in order to evaluate the consistency
between vision and grasping components. The grasp strategies are expected to
be further tested for evaluation on the integrated RAMCIP robot in the context of
the project’s preliminary tests and pilot trials.
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Annex I: Characteristics of available grasp planners
Table 1. Comparison of Grasp Planners – General Features (30/8/2016)
Detail

GRASPIT!

SIMOX

OPENRAVE

Dr. Nikolaus

Dr. Rosen Diankov,

Creator

Robotics Lab,
Department of
Computer Science,
Columbia
University

Vahrenkamp,
Karlsruhe Institute
of Technology

Carnegie Mellon
University
Robotics Institute

License

GNU General
Public License
version 2.0
(GPLv2)

GNU Lesser
General Public
License, version
2.1

GNU Lesser
General Public
License, version
2.1

2.2.0

2.3.38

0.8.2

(released in April
2012)

(released in
December 2011)

(released in
October 2012)

Size(release)

13.4MB

62 MB

42 MB

Latest stable
version

2016-07-15

2016-06-07

18-03-2008

Open Source

Yes

Yes

Yes

Platform
supported

Windows, Unix

Unix

Windows, Unix,
OS

ROS Integration

ROS fuerte,
electric, indigo

No

ROS fuerte

Released
Version

Usage of
external
libraries (linux)

5

3

5

(Qt 4, Coin 3,
SoQt ,Blas and
Lapack, QHull )

(Qt 4, Coin 3,
SoQt)

(Ogre 3d, Bullet
physics, libxt-dev,
libpng3-dev)

SourceForce
hosting

yes (last update
2015-05-17)

yes (last update
2015-07-16)

yes (last update
2013-06-05)

Github hosting

yes (last update
2016-07-15)

yes (last update
on Gitlab 201607-12)

yes (last update
2016-08-31)

Documentation

Yes

Yes

Yes

Active
community

Yes

Yes

No

Publications

14

19

7

Table 2. Comparison of Grasp Planners – Software features (3/8/2016)
Software
Feature

GRASPIT!

SIMOX

3d user interface

Yes

Yes

Yes

Graphics Engine

OpenGL/QtCoin

OpenGL/QtCoin

OpenGL/QtCoin

library of robotic
hand models

Yes

Yes

Yes
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interaction with
hardware and
sensors

Yes

Yes

No

Record video

No

No

Yes

Image Saving

No

No

Yes

Scene Saving

Yes

Yes

Yes

Object cloning

under
development

Yes

Yes

Computation
Parallelizing

under
development

Yes

Yes

Matlab®
interface

Yes

No

Yes

Octave®
Interface

No

No

Yes

API

C++

C++

C++

Grasp Database

Yes

No

No

Examples
provided

Yes

Yes

Yes
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Annex II: A subset of RAMCIP objects used for
grasping validation purposes

No

Preview

Vertices

Faces

Dimensions

1

20960

41920

Cup Diameter: 9.2cm
Cup Height: 8.5cm
Handle Width: 1.8cm
Handle Height: 4cm
Handle Opening: 2.5cm

2

24578

49152

Width: 4.5cm
Length: 10.2cm
Height: 2.2cm

3

92236

184458

Width: 7.2cm
Length: 9.8cm
Height: 16.1cm

4

68350

136512

Width: 2cm
Length: 20cm
Height: 1.8cm

5

43390

86528

Width: 2cm
Length: 22cm
Height: 1.2cm

6

30722

61440

Width: 6cm
Length: 6cm
Height: 1.6cm

7

27650

55296

Diameter : 22cm
Height: 5.1cm

October 2016

56

CERTH

Deliverable D5.2

Dissemination Level (PU)

8

52141

103936

9

18370

36736
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Annex III: Data for the experiments with object
pose perturbation
Table 1:Cup

Changes in quality metric
No.

Position

Orientation

error

error

Quality
metric

1

0.0725

0.6913

2

0.0992

3

(%)
Position
perturbation

Orientation
perturbation

Both

0.551

0

72.62

72.63

0.8999

0.606

9.86

72.42

72.4

0.0685

0.9861

0.559

0.51

33.15

33.16

4

0.0636

0.6202

0.557

-0.24

12.61

12.62

5

0.0930

0.9590

0.598

0

24.71

24.98

6

0.0909

0.1662

0.57

0

-2.19

-2.55

7

0.0453

0.2643

0.587

0

13.51

13.5

8

0.0508

0.1423

0.577

0

73.92

73.92

9

0.0336

0.0816

0.586

0

0

0

10

0.0437

0.2764

0.59

-0.11

12.75

12.75

11

0.0138

0.7022

0.544

0

42.02

42.02

12

0.0301

0.6705

0.586

0

100

100

13

0.0454

0.1929

0.584

-0.01

27.80

27.78

14

0.0358

0.3974

0.603

0

10.01

10.01

15

0.0272

0.2508

0.58

0

18.94

18.94

16

0.1982

0.7327

0.574

0

38.66

38.68

17

0.0873

0.5872

0.559

0

3.13

3.12

18

0.0714

0.2949

0.584

0.01

100

100

19

0.0401

0.2872

0.546

0.06

58.07

58.07

20

0.0966

0.9043

0.593

0.15

6.38

6.33

Table 2:Depon pill box

Changes in quality metric
No.

Position

Orientation

error

Error

Quality
metric

1

0.0989

0.1181

2

0.1111

3

(%)
Position
perturbation

Orientation
perturbation

Both

0.688

0

39.28

39.29

0.1583

0.673

0

12.04

12.03

0.0773

0.1016

0.716

0

63.4

63.4

4

0.0823

0.0936

0.691

0

-9.36

-9.36

5

0.0739

0.0537

0.662

0

-5.21

-5.21
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6

0.0731

0.1578

0.627

0.03

52.25

52.26

7

0.0693

0.0633

0.596

0

20.84

20.82

8

0.1059

0.0820

0.636

-0.01

26.83

26.81

9

0.0858

0.0836

0.647

0.04

22.85

22.84

10

0.0839

0.0009

0.586

0

2.4

2.41

0

-1

-1.01

11

0.0716

0.0206

0.632

12

0.0818

0.0713

0.697

0

11.77

11.78

13

0.0989

0.0742

0.688

0

51.35

51.36

14

0.0535

0.0760

0.62

0

0

0

15

0.0625

0.0378

0.599

0

0.145

0.13

16

0.0535

0.1454

0.684

0

35.83

35.82

17

0.0758

0.0206

0.663

0

56.55

56.55

18

0.0885

0.0945

0.612

0

13.13

13.13

19

0.0748

0.0523

0.609

0.01

26.26

26.2

20

0.0691

0.0099

0.606

-0.03

-2.03

-2.94

Table 3:Softkings

Changes in quality metric
No.

Position

Orientation

error

error

Quality
metric

1

0.0581

0.0502

2

0.0667

3

(%)
Position
perturbation

Orientation
perturbation

Both

0.521

0

58.45

58.45

0.0772

0.501

0

50.23

50.23

0.0489

0.0725

0.503

-0.06

8.87

8.87

4

0.0259

0.1470

0.51

0

37.83

37.83

5

0.0205

0.1456

0.517

0

9.16

9.16

6

0.0440

0.0616

0.5

0

3.22

3.22

7

0.0363

0.0170

0.56

0

4.97

4.97

8

0.0601

0.0866

0.526

0

1.08

1.08

9

0.0578

0.0429

0.535

0

12.23

12.23

10

0.0691

0.0586

0.504

0

100

100

11

0.0281

0.0268

0.516

0

0

0

12

0.0440

0.0464

0.51

0.11

-1.1

-1.1

13

0.0247

0.1273

0.558

-0.64

0

0

14

0.0457

0.1204

0.519

0.03

40.92

40.92

15

0.0393

0.1118

0.508

0

44.58

44.58

16

0.0470

0.0240

0.511

0

0.8

0.8

17

0.0505

0.0884

0.514

-0.02

1.09

1.09
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18

0.0423

0.0716

0.558

0

33.03

33.03

19

0.0465

0.1864

0.515

0

53.73

53.73

20

0.0341

0.0070

0.518

0

4.72

4.72
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