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Grasping and dexterous manipulation remain fundamental challenges in robotics, above all
when performed with multifingered robotic hands. Having simulation tools to design and
test grasp and manipulation control strategies is paramount to get functional robotic
manipulation systems. In this paper, we present a framework for modeling and simulating
grasps in the Simulink environment, by connecting SynGrasp, a well established MATLAB
toolbox for grasp simulation and analysis, and Simscape Multibody, a Simulink Library
allowing the simulation of physical systems. The proposed approach can be used to
simulate the grasp dynamics in Simscape, and then analyse the obtained grasps in
SynGrasp. The devised functions and blocks can be easily customized to simulate different
hands and objects.
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1 INTRODUCTION

The numerical simulation of robot dynamics is widely diffused in research, industrial and education
contexts. It can support the design of new devices from the very beginning, as well as the validation
and comparison of different actuation and control systems. Simulations can also be employed to
efficiently generate data for learning-based approaches. A comprehensive review of the available
simulators for robotic systems has been recently presented in (Collins et al., 2021). As underlined by
Tselegkaridis and Sapounidis (2021), simulators constitute also useful and accessible resources for
teachers and educators. Eminent examples of software tools for simulating robots include the
Robotics Toolbox available in MATLAB and Python (Corke, 2017; Corke and Haviland, 2021),
Gazebo (Koenig and Howard, 2004; Qian et al., 2014), that is integrated in the ROS framework, and
SOFA (Allard et al.,, 2007), designed for soft robots.

When it comes to the particular problem of simulating robotic grasping and manipulation, an
effective software simulation environment should allow to model the used gripper, the grasped
object, the environment, and their interactions. GraspIt! (Miller and Allen, 2004), OpenGRASP
(Ulbrich et al., 2011), and SynGrasp (Malvezzi et al., 2015), are some of the few available simulators
expressly designed for simulating grasping systems. All of them allow to define simulation
environments including different hand and object models, but only SynGrasp has been explicitly
designed for analysing underactuated and compliant grasps and is implemented in MATLAB. In
robotic systems, the structural and mechanical behaviour is strictly related to actuation, sensing and
control aspects, therefore a holistic approach is needed to properly design and analyse them.
MATLAB has the advantage of being a widely used and powerful environment that allows managing
all these aspects in an effective way, without requiring extremely advanced programming and
modeling skills.
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FIGURE 1 | Fundamental components of the proposed approach.

This paper introduces a method to conduct the multibody
simulation of grasping systems in a rather intuitive and user-
friendly manner, exploiting widespread software tools like
MATLAB™ and Simulink™. Building upon the SynGrasp
Toolbox, in which hand and object models can easily be
defined, we implemented a new toolbox of functions which
connect SynGrasp to Simscape™ Multibody™ (MathWorks,
Inc., Natick, Massachusetts, United States) through the
programmatic creation of Simulink models. In this way,
SynGrasp is enriched with the possibility of performing
dynamic simulations, and the Simscape simulation
outcomes can be seamlessly processed with the SynGrasp
functions for grasp analysis. The proposed approach is
illustrated in Figure 1.

The multibody simulation of mechanical systems is widely
used in mechanical engineering for solving the mechanism’s
kinematic and dynamic problems. Applications range from
mechanical components (Logozzo and Valigi, 2019), to
mechanisms (Valigi et al, 2020a) and robots (Achilli et al,
2021a; Zhu et al, 2022). The multibody model of a
mechanical system is composed of rigid and deformable
bodies, interconnected by means of kinematic pairs. Each body
can undergo large translational and rotational displacements. The
nonlinear analysis of mechanical systems can be performed by
simulations considering dynamic loading conditions. Multibody
simulators can also model the flexibility of bodies either by
considering rigid bodies with lumped constraints, stiffness and
damping to reproduce the deformability, or by means of models
resulting from FEM (Finite Element Method) analyses (Shabana,
2003). These features can be particularly useful to simulate soft
grippers and manipulators (Malvezzi et al., 2018, 2019; Pozzi
et al., 2018; Achilli et al., 2020, 2021b; Valigi et al., 2020b).

Multibody simulation tools often offer the possibility of
parametric modelling and the influence of the defined
parameters on system dynamics can be investigated. This
feature is particularly important in the first stages of product
design, in which different solutions are investigated until the
required performance is reached. In the successive phases of the
development, parametric analysis is also important to study the
effects of uncertainties and tolerances. Adams from MSC'" is one
of the first and probably most famous commercial multibody
dynamics simulation softwares, widely used in the study of the
dynamics of mechanisms. Among open tools adopted in research

'https://www.mscsoftware.com/it/product/adams
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contexts, Open Dynamics Engine” is a very powerful and useful
tool that allows creating, testing, and executing high-performance
rigid body dynamics. OpenSim®, instead, is a free software that is
widely used in research and rehabilitation centers for modeling
and simulating human movement. MBDyn®* is another free
simulation software for multibody dynamics, originally
developed for aerospace applications. Another free multibody
dynamics simulation software that is used both in research and
industrial contexts is FreeDyn®. It is also worth to observe that
multibody simulation is a specific package of more general CAE
(Computer Aided Engineering) software, as for instance Ansys®
and Comsol’, or CAD systems like SolidWorks®.

In this paper, we adopted Simscape Multibody as it is fully
integrated within the MATLAB framework and is thus easy to use
in conjunction with the SynGrasp Toolbox. Simscape is also
rather versatile, allowing the creation of models both in a
programmatic way, and by manually assembling blocks.
Notwithstanding Simscape Multibody is still less exploited
than other simulation environments, also due to its more
recent development, examples of robot modeling with
Simscape have already been presented, including parallel
(Olaya et al., 2017; Noskievi¢ and Walica, 2020), industrial
(Udai et al, 2011; Ahn, 2014; Le Ngoc and Nguyen, 2020),
aerial (De Simone et al,, 2017), legged (Eldirdiry and Zaier,
2018; Aldair et al., 2020), mobile (Khnissi et al., 2019; Siwek
et al,, 2019), and surgical (Taghizadegan et al., 2016) robots.

The paper is organized as follows. The main components and
features of the proposed simulation framework are presented in
Section 2. Results of grasp simulations conducted with the newly
developed functions are reported in Section 3 and discussed in
Section 4. Lastly, the current limitations and envisaged future
developments of the toolbox are summarized in Section 5.

2 MATERIALS AND METHODS

The basic elements of the presented framework are the SynGrasp
toolbox (Malvezzi et al., 2015), Simscape Multibody, and the
MATLAB Programmatic Model Editing functions. The latter
allow to seamlessly connect the quasi-static model of a grasp
defined in SynGrasp to its corresponding multibody dynamic
model in Simscape. The presented framework is depicted in
Figure 1 and described in the following, starting from its
fundamental components.

2.1 Fundamental Components

2.1.1 SynGrasp

SynGrasp is a MATLAB toolbox for grasp analysis of fully or
underactuated robotic hands, in which lumped parameter models

*https://www.ode.org/

*https://opensim.stanford.edu/
*https://www.mbdyn.org/?Software_Download
*http://www.freedyn.at/new-download/
“https://www.ansys.com/it-it/products/structures/ansys-motion
“https://www.comsol.com/multibody-dynamics-module
®https://www.solidworks.com/
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of compliant elements and synergistic coordination between joint
variables can be modeled. Compliant and deformable elements
can be modeled at contact points, in the joints or in the actuation
system, including the transmission.

Hand structure and simulation conditions can be set by means
of a Graphical User Interface or directly with a MATLAB script.
The available functions allow to perform grasp evaluation in
quasi-static conditions in terms of contact forces, actuator
torques/forces, manipulability —properties, grasp quality
measures, and grasp stiffness. SynGrasp functions can be easily
combined and modified to account for different grasping
scenarios. Grasps can be described either using the provided
grasp planner or directly defining contact points on the hand with
the respective contact normal directions. Functions for the
graphical representation of the hand and the object are
provided. The toolbox is freely available at http://syngrasp.dii.
unisi.it.

Since its release, SynGrasp has been used for analysing grasp
properties of both human and robotic hands, for robotic hand
design and also as a learning tool. In (Yao and Billard, 2020), the
authors used the anthropomorphic hand model provided in
SynGrasp to develop a kinematic procedure for estimating
hand postures in bimanual tasks, whereas in (Fattahi Sani
et al,, 2019), the toolbox was used to develop a hand tracking
system in surgical operations. Katyara et al. (2021) investigated
the role of postural synergies in manipulation tasks and used
SynGrasp to validate the proposed framework. Garate et al. (2017,
2018) exploited SynGrasp to implement in-hand manipulation
strategies with a fully actuated hand based on Common-Mode
Stiffness (CMS) and Configuration-Dependent Stiffness (CDS)
principles, and to simulate control strategies for hand-arm
systems subject to underactuation constraints (Ruiz Garate
and Ajoudani, 2020). Using SynGrasp, Almeida and Moreno
(2020) further developed the concept of Potential Grasp
Robustness (Pozzi et al., 2017), devising new heuristics for
managing computational load, and analysing the influence of
uncertainties on its computation (Almeida and Moreno, 2021).
Hybrid Cartesian-joint mapping procedures for
anthropomorphic hands were analysed with SynGrasp by
Meattini et al. (2021). Orabona et al. (2020) exploited the
possibility of modeling underactuated hands in SynGrasp, to
design a 3D-printed hand with a simple, yet versatile, structure.
Zaidi et al. (2017) presented a method to model robotic hands
grasping 3D deformable object, and SynGrasp functions were
used for the graphical representation of grasps.

2.1.2 Simscape

As previously introduced, multibody simulation aims at solving
the kinematic and dynamic problems of mechanical systems, and
is particularly useful to study the behaviour of complex
mechanical and robotic systems like grippers and
manipulators (Achilli et al., 2021a).

The main parameters used to describe bodies in the multibody
simulator are: a local reference frame having the origin in the
body’s center of mass and the principal axes, the mass, the tensor
of inertia in the local reference frame, and other auxiliary
references to define the constraints that are represented by

Grasp Simulation in Simscape

relationships between the motion parameters. Both rigid and
flexible bodies are modeled with a single or combining multiple
blocks able to describe their mechanical behaviour. All bodies are
connected by means of joints or with proper constrains and all is
assembled into an articulated mechanism, with a number of
degrees of freedom resulting from the kinematic relationships
provided by the constraint blocks.

Several tools for performing multibody simulations are
available. In this paper, we chose to exploit the application
Simscape Multibody, as it is a MATLAB toolbox and can thus
be easily integrated with SynGrasp. Simscape Multibody can use
data from external 3D CAD, like SolidWorks (Dassault Systemes,
Vélizy-Villacoublay, France), to import 3D models obtained from
3D scanning (Valigi et al, 2020b), and to create bodies,
constraints, actions, and joints with parametrization by
mathematical expressions described in MATLAB. The bodies
are characterised by their geometry and consequent inertial
properties, which can be modified by the user according to the
studied physical system. Forces and moments can be applied to
bodies, and contact constraints can be defined. Simscape allows to
model physical systems by connecting blocks representing
different mechanical elements. Simscape and Simulink blocks
can be mixed inside a model and linked through appropriate
connectors. In the multibody system presented in this work, hand
models are composed of subsystems including more than one
block, and contact constraints are defined between the object to
be grasped and the gripper’s phalanges and palm.

2.1.3 Programmatic Model Editing

The programmatic modelling functions available in MATLAB
allow to create and edit Simulink models programmatically,
ie, through a MATLAB script’. This feature is particularly
suited for our objective of connecting SynGrasp, which is
natively composed of MATLAB scripts and functions, with
Simulink models including Simscape Multibody blocks.
Through rather intuitive functions it is possible to
programmatically add and connect blocks in models and set
their parameters and properties.

In this work, we defined a library of basic Simscape Multibody
subsystems (i.e., sets of blocks) that can be combined to create
hand and object models (see Section 2.2). Based on the system
that must be simulated, these blocks can be added to a new model
and their parameters can be set according to the envisaged
application.

2.2 Description of the Toolbox

The proposed toolbox is composed of a library of basic blocks
in.slx format and a set of MATLAB functions aimed at
manipulating them to create custom grasping systems, i.e.
systems with a custom hand and a custom object that can
interact with each other. In this work, we focus on grasping

*Programmatic Model Editing (MathWorks, Inc.,
United States):
modeling html

Natick, Massachusetts,
https://it. mathworks.com/help/simulink/programmatic-
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TABLE 1 | Implemented MATLAB functions and Simulink blocks.

Name

SG2Sim_Hand.m
SG2Sim_Palm.m
SG2Sim_Finger.m
SG2Sim_BuildObject.m
SG2Sim_Contacts.m
SG2Sim_SimulateGrasp.m

SG2Sim_StartConfiguration.six

SG2Sim_module_RJ.slx
SG2Sim_PalmBlock.slIx

SG2Sim_NoPalm.slx
SG2Sim_Object.slx
SG2Sim_ExportData.slx

Grasp Simulation in Simscape

Description

Defines the Simscape model of a hand

Defines the Simscape model of the paim of a given hand

Defines the Simscape models of the fingers of a given hand

Defines the Simscape model of an object

Given a hand and an object defines contact contraints between them
Simulates the closure of the hand over an object and stores the
achieved contact points and joint angles in the SynGrasp hand structure

Contains the World frame, the Solver Configuration and the
Mechanism Configuration

Contains the module representing the finger phalanx

Contains palm blocks configured to support a different number
of fingers

This block is loaded in case the fingers have coincident bases
Models different objects

Allows to export simulation outcomes to the Workspace

A
= Z
- ; X
| X 20 Y \va
OUTPUT []
B OUTPUT — INPUT
OUTPUT {—{ INPUT ST i
INPUT contact [] contackll module_RJ_14
contact [] module_RJ_13
module_RJ_12
module_RJ_11 OUTPUT [
finger1_out OUTPUT —— INPUT
Outputt— INPUT OUTPUT || INpUT R — VT oo
utl—— E—
2 finger2_out INPUT contact [ contactj1 module_RJ_24
contact module_RJ_23
4 qule RJ 21 module_RJ_22 outeUTh
SIAICOig finger3_out HIERIe_te s OUTPUT [— INPUT
_L 1| ot oUTPUT || InpuT contact
finger4_out INPUT contact [ contact 1 "module_RJ_34
= contact [ module RJ 32 module_RJ_33
[] Contact = OUTPUT []
finger5_out moaHle ol OUTPUT |— INPUT
OUTPUT || mpuT OUTPUT — INPUT contact
INPUT contact [ contact ] module_RJ_44
comact )~ odule_RJ_42 module_RJ_43 ouTPUTh
i module_RJ_41 i OUTPUT }—{ INPUT
OUTPUT INPUT S " Sontact
INPUT contact [ — g’;‘m 2 module_RJ_54
contact [7] module_RJ_
module_RJ_52
module_RJ_51 -
FIGURE 2 | Hand definition. (A) Examples of hand models in SynGrasp (coloured) and in Simscape Multibody (grey): planar gripper with 2 fingers and
anthropomorphic hand. (B) Simulink model of the anthropomorphic hand.

tasks, but the toolbox could be expanded to simulate also in-
hand manipulation strategies (Prattichizzo et al., 2020).
Table 1 briefly describes the functions and the blocks of the
new toolbox, which are available together with demonstrative
scripts at http://syngrasp.dii.unisi.it. In the following, we first
describe how the two main entities of a grasp, i.e., the hand and

the object, are defined in the proposed framework, and then we
detail how a grasp can be simulated.

2.2.1 Hand Definition
In SynGrasp, hand models are defined based on the Denavit-
Hartenberg (DH) parameters of the fingers (Siciliano et al., 2009),
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FIGURE 3 | Phalanx module. Each phalanx is composed of a revolute joint and a rigid link connected through suitable transformations (purple). This figure also
shows the phalanx actuation system (green) and the blocks for the contact detection (pink).

which are considered to be open kinematic chains with several
links connected through revolute joints (Malvezzi et al., 2015)"°.
The fingers are connected to a palm that is built starting from the
positions of the fingers’ bases. In the MATLAB workspace,
SynGrasp hands are represented as structures with several
fields (e.g., number of fingers, number of joints, etc.). The
function SG2Sim_Hand takes as input a hand structure and
builds the corresponding hand model in Simscape Multibody,
starting from its palm (SG2Sim_Palm) and then defining the
fingers (SG2Sim_Finger). One of the simplest and one of the most
complex hand models available in SynGrasp and their Simscape
Multibody counterparts are shown in Figure 2A.

The creation of a hand in Simscape Multibody follows a
modular approach. The hand is made of a palm and one or
more fingers, composed of one or more phalanges. An example of
hand structure is shown in Figure 2B. Depending on the number
of fingers, a certain palm structure is loaded in the Simulink
model through the function SG2Sim_Palm, and then phalanx
modules are assembled to model the fingers with SGSim_Finger.
Each phalanx has the same structure and is called module_R]_xy,
where x indicates the finger and y indicates the phalanx. As shown
in Figure 3, a phalanx module contains a Body representing the
phalanx'', a revolute joint representing the joint at the base of the
phalanx, and several rigid body transformations blocks, which
implement the DH rotations and translations. In hand models
having two joints placed at the same position, the SGSim_Finger

“Notice that since human and robotic hands are usually modelled with only
revolute joints, also in this work we consider only this type of joints. In principle,
however, the implementation could be easily extended to include also prismatic
joints, as they are available within Simscape Multibody.

""To maintain the connection with the hand models defined in SynGrasp, we
assume that phalanges have cylindrical shapes. However, the models can be
customized to account for different designs.

function automatically comments out the Body block of the first
involved phalanx. In this way, the approach can flexibly handle
different hand models, while keeping a modular structure. The
anthropomorphic hand shown in Figure 2, for example, has two
revolute joints at the base of each finger to account for flexion/
extension and adduction/abduction motions (Gioioso et al., 2013;
Marullo et al., 2022). Thus, in the first phalanx of each finger in
the Simscape model, the Body block is commented.

Each phalanx module also contains the subsystems
implementing the contact detection and the actuation system
(see Section 2.2.3.1 and Section 2.2.3.2 for more details).

2.2.2 Object Definition

In the proposed framework, the object to be grasped is first
defined in SynGrasp, where the main parameters are set, and then
inserted  into  Simscape  thanks to the function
SG2Sim_BuildObject. The Object subsystem (Figure 4)
contains: 1) a rigid body transformation that sets the pose of
the object, 2) a joint that chooses the allowed object motions (e.g.,
a Weld Joint fixes the object in the workspace, whereas a Bushing
Joint allows its unconstrained motion in 3D), 3) a subsystem for
sensing the object pose, and 4) a solid block where the geometrical
and material properties of the object can be specified.

The object to be inserted in the model can be chosen from a set
of four different types of solid bodies: three primitive solids,
Cylinder, Parallelepiped or Sphere, and a 3D solid, whose model
can be imported by the user. For primitive solids, the main
parameters (e.g., radius, height, length, etc.) must be specified
either manually or exploiting the function SG2Sim_BuildObject,
which sets them based on the object structure defined in
SynGrasp. The File_Solid block, instead, allows the user to
load a file in common formats used in 3D modeling such as
STL, SAT, JT and STEP, but also proprietary software formats
such as CATIA, Creo, Inventor, Unigraphics NX, Solid Edge,
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FIGURE 4 | Object module. Each object can either be fixed in the workspace or free to move and is represented by a solid (green). The latter can either have a
primitive shape (sphere, cuboid, cylinder) or be loaded from an external object model. The object module also contains the blocks devoted to sensing its pose (orange).
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contact

SolidWorks, and Parasolid. All four types of solid body blocks
require Inertia parameters to be entered, where the mass or
density of the object can be indicated.

2.2.3 Grasp Simulation

Once a hand and an object are defined in the Simulink model file,
contact constraints between them need to be defined through the
function SG2Sim_Contacts. Then, a grasp can be simulated by
activating the closure of the hand through SG2Sim_SimulateGrasp.

2.2.3.1 Contact Definition and Detection

The interaction between solids within the multibody simulator is
an important aspect for the grasping evaluation. The Simscape
Multibody toolbox contains a block dedicated to this function,
called Spatial_Contact_Force. This block allows to develop a
contact model between a pair of bodies. Among the contact-
force models in multibody dynamics (Skrinjar et al., 2018),
Simscape Multibody uses as default the Kelvin-Voigt model,
which was used in (Machado et al., 2012; Corral et al., 2021).
The model is based on a regularized approach, also known as
compliance or visco-elastic method, in which the contacting
bodies are considered to be deformable at the contact zone,
and the contact forces can be expressed as a continuous
function of the local deformation between the contacting
surfaces. In this block, the normal contact force Fy is
estimated through the interpenetration between the solid bodies:

Fy= K& + D8

where K is the stiffness coefficient and D is the damping
coefficient, § is the relative indentation between the contacting
bodies, and § is the relative normal contact velocity. The first term
is referred to the linear elastic force component, while the second
one accounts for the energy dissipation during contact (Shigley,
1972). The normal contact force is proportional both to the
indentation velocity and depth.

TABLE 2 | Contact model: main parameters.

Normal Force

Stiffness 10°N/m
Damping 10°N/(m/s)
Transition region width 10°m

Frictional Force

Method Smooth Stick-slip
Coefficient of static friction 0.5
Coefficient of dynamic friction 0.3

Critical velocity 108 m/s

Another  parameter that can be set in the
Spatial_Contact_Force block is the transition region width,
which characterizes the transitional region to the force
equations '2. As the depth of indentation gets to the end of
the transition region, the normal force increases, until the
maximum stiffness and damping forces are reached. By
varying the transition region width, the transition is sharper
for low values, while it is smoother for high values.

The main parameters of the contact model and the
corresponding values adopted in the developed Simscape
subsystems are shown in Table 2.

The Spatial_Contact_Force block uses a sensing output
system, which shows how certain calculated parameters vary
between the two solids in contact. The sensing output
parameters available in this module allow to monitor the
separation distance between the two solid elements, the
modulus of the normal contact force between the two
elements of the solid body, and the modulus of the
frictional contact force between the two elements of the

solid body.

https://it.mathworks.com/help/physmod/sm/ref/spatialcontactforce.html.
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The function SG2Sim_Contacts allows to connect each
phalanx of the hand model and the palm to the object via a
Spatial_Contact_Force block (see Figure 3). The modulus of
the normal contact force is selected as the parameter to
establish the presence of contact between bodies. A
threshold can be chosen beyond which it can be considered
that the interaction between the solid elements is present, and
thus a contact is detected. The contact module contains a logic
that evaluates the ten previous samples of the measured
normal contact force and compares them: if all the samples
are higher than the selected threshold, the contact can be
considered as established. The signal, passing through ten
Delay blocks, is processed in a Product block: if a sample is
lower than the threshold, the output value is 0, otherwise it is 1.
The number of Delay blocks used in the subsystem is obtained
from experimental trials during the development of the
toolbox. This control system is necessary to avoid that
incorrect values of the modulus of the normal force are
considered as established contacts. In fact, there are cases in
which peaks in the normal force values occur due to the
contact model main parameters. Indeed, the combination of
stiffness and damping limits the possibility of interpenetration
between the bodies; thus, the presence of rebounds between the
surfaces is possible, but it cannot be considered as an
established contact between solid bodies.

Each Contact subsystem output port ends in a tag block. These
tag blocks are handles: they send the data present at the head of
the GoTo block (sender block) to that present in the From block
(receiver block). Each tag block is named as FxPy, where x
indicates the finger and y indicates the phalanx, in accordance
with the naming of phalanx modules. Notice that two types of
signals are used in Simscape Multibody: the Physical type and the
Simulink type. Only Simulink signals can be sent with tags, and
this is why Simulink-PS Converter blocks are used to connect
Simulink sources to inputs to a physical Simscape Multibody
network (see Figure 3).

Tags are used throughout the model to send data in a user-
friendly and intuitive way, avoiding the large number of lines that
would otherwise be needed to achieve the same result without
them. The data obtained after a simulation are stored in the
SG2Sim_ExportData subsystem and sent to the MATLAB
Workspace.

2.2.3.2 Hand Closure

As hand models are composed of links connected through
revolute joints, the actuation systems that can be implemented
are either based on angular position inputs or based on torque
commands. In this work, we adopted the first option. Once a
hand and an object are defined in the Simulink model file, and so
are the contacts between them, a grasp can be simulated by
activating the closure of the hand. To this aim we created an ad-
hoc subsystem implementing the position control of the hand
fingers  which is  activated by  the  function
SG2Sim_SimulateGrasp. Starting from a predefined initial
configuration, the hand actuation system closes all the joints
of the hand over the object, increasing them by a pre-defined
constant value which can be specified for each joint.

Grasp Simulation in Simscape

The increment in the joint value is applied only if no contact is
detected on the related phalanx or on the successive ones. To
implement this logic we adopted a Logical_Operator_OR that is
present in each phalanx module (see Figure 3). In case a contact is
detected, the phalanx remains in the same position. With a delay
block, the joint angle of the previous instant is stored throughout
the simulation. In this way, if the object and the phalanx are no
longer in contact due to the object motion, the actuation system
restarts increasing the joint position until the next contact occurs.

3 RESULTS

The presented framework was tested in two sets of simulations: I)
grasps of objects with different shapes, and 2) grasps of objects
made of different materials.

In all the simulated grasps, the hand was closed over the object
using the actuation system detailed in Section 2.2.3.2, and
contacts were detected with the strategy described in Section
2.2.3.1. Objects with primitive shapes (sphere, cylinder, cuboid),
as well as object models from the YCB Dataset (Calli et al., 2015)
were considered. The effect of gravity was deactivated, to show
the working principles of the proposed contact detection and
actuation strategies without external loads.

For the simulations, an explicit continuous fixed-step solver
was chosen. Different solvers of this type are available in
Simulink, according to the wused numerical integration
technique. As the order of the integration technique increases,
also the computational complexity grows. We adopted the Ode3
solver, which computes the model state using the Bogacki-
Shampine formula integration technique to evaluate state
derivatives (Hosea and Shampine, 1994). Among the
integration algorithms available in Simulink, we selected a
fixed-step one also to simplify the post-processing phase and
the analysis of the results (e.g. analysis in the frequency domain).
The simulations described in this section were conducted with
MATLAB R2021b version on a Laptop with Windows 10, Intel®
Core™ i7-10750H CPU @2.60GHz, and 16 GB RAM.

To increase the accuracy of the simulation, the model requires
to use a step size that is as low as possible. The balance between
solver order and step size can only be obtained through iterative
trials, to achieve accurate results with a low computational
burden. Furthermore, to simulate the grasp with generic
objects, the contact model requires a high number of steps to
avoid conditions in which the solution diverges. Through
numerous tests, the value 10°s was identified as a suitable
step size, that gives accurate solutions in a reasonable amount
of time, and with several different objects.

In the next sections the results obtained with a four fingered
gripper having the structure shown in Figure 5 are described.
However, the conducted simulations can be easily performed
with other types of hands.

3.1 Objects With Different Shapes

To simulate precision grasps we fixed all the object degrees of
freedom through a Simscape Multibody Weld Joint, so that even
when touched by the hand the object did not move, allowing the
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FIGURE 6 | Performed simulations. (A) Precision grasps. (B) Power grasps.
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precise positioning of the fingertips over it. Examples of the
obtained final grasps are shown in Figure 6A.

To simulate power grasps, instead, the object was left free to
move in the 3D space. To this aim, the Simscape Object block was
attached to the startConfig block through a Bushing Joint that has

three translational and three rotational degrees of freedom. As a
result, while closing over the object, the hand could drag it
towards the palm, ending up in a power grasp involving the
phalanges of the fingers as well as the palm itself. Examples of
achieved power grasps are depicted in Figure 6B.
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FIGURE 7 | Contact detection during the precision grasp of a strawberry. (A) Contact signals ordered as the phalanges of the hand: the rows correspond to the
fingers (from 1 to 4), and the columns to the phalanges (from 1 to 3). When the signal is equal to O, it means that no contact has been detected on the corresponding
phalanx. When a contact is detected the signal goes to 1. (B) Grasp sequence: Fingers 1 and 2 enter in contact with the object before Fingers 3 and 4.

Both types of grasps were performed over primitive shapes
(sphere, cylinder, cuboid). In addition, for precision grasps we
chose two small objects from the YCB Dataset, ie., the
screwdriver and the strawberry, whereas for power grasp we
chose two larger objects, i.e., the metal mug and the pear.

In precision grasps, objects were oriented in different ways and
positioned so that they would enter in contact first with the hand
fingertips, thus achieving a pinch grasp. Figure 7 shows the
results obtained for the grasp of the strawberry in terms of contact
detection and performed motion.

The simulation of a power grasp of a sphere is analysed in
terms of joints trajectories, contact detection, and object motion
in Figures 8-11.

3.2 Objects Made of Different Materials

To fully show the capabilities of the multibody simulator, we
tested the grasp of objects with different realistic densities: p =
160 kg/m3 (balsa wood), p = 700 kg/m3 (fir wood), p = 2,300 kg/
m°> (chalk), p=7,860 kg/m3 (steel), p = 19250 kg/m3 (gold)ls. We

"“Notice that although we chose realistic values for the density, we did not aim at
replicating the properties of specific types of materials, as this would require the
adjustment also of other material properties and this is out of the scope of
this work.

used the same gripper and spherical object adopted in the
previous simulations and we initially placed the sphere as in
Figure 10A. Figure 12 shows the results obtained varying the
density of the spherical body in terms of object position and
orientation and of final grasps.

4 DISCUSSION
4.1 Objects With Different Shapes

As shown in Figure 6, the developed tools allow to simulate the
grasp of objects with different shapes. We decided to present the
results obtained for the strawberry, as they clearly show the
working principle of the proposed grasping strategy. As soon
as a finger touches the object with its fingertip, and the contact is
stable, the whole finger stops moving. As depicted in 7(B), the
Fingers 1 and 2 come into contact with the object slightly before
the others. As a result, the contact signals corresponding to the
last phalanges of Fingers 1 and 2 activate (passing from 0 to 1)
slightly before other ones.

To show the capability of the simulator to compute the object
motion when the object is free to move (even though not
subjected to gravity), we simulated power grasps in which the
object is dragged by the fingers towards the hand palm. We
reported the data related to the grasp of the sphere, as already
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FIGURE 8 | Power grasp of a sphere with the four-fingered gripper: trajectories of the joints. Plots are ordered as the phalanges of the hand: the rows correspond to
the fingers (from 1 to 4), and the columns to the phalanges (from 1 to 3).
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FIGURE 9 | Power grasp of a sphere with the four-fingered gripper: contact detection. Contact signals are ordered as the phalanges of the hand: the rows
correspond to the fingers (from 1 to 4), and the columns to the phalanges (from 1 to 3). When the signal is equal to O, it means that no contact has been detected on the

corresponding phalanx. When a contact is detected the signal goes to 1.

with a simple object we can appreciate different aspects of the
simulation. The sphere was initially positioned closer to Fingers 2
and 4 as shown in Figure 5B. As a result, the first contacts are
detected on the first phalanges of these two fingers (contacts 4 and

10, Figure 9). While closing, Fingers 2 and 4 go in contact also
with their second phalanges (contacts 5 and 11) and lastly with
the fingertips (contacts 6 and 12). At t = 0.32 s, the contact with
the last phalanges of Fingers 1 and 3 (contacts 3 and 9) is detected,
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and from ¢ = 0.33 s it becomes stable. Figure 10A shows the main
steps of the grasping task. From ¢ = 0.33 s the contacts on the
fingertips as well as that on the palm (see Figure 10B) become
stable and the final grasp is achieved.

Regarding the hand trajectory, it is interesting to notice that
the joint value of the first phalanges of Fingers 2 and 4 (g4 and
q10) stays almost constant for a few milliseconds around t =
0.15 s, that is when the contact with the first phalanges of Fingers
2 and 4 is detected.

Figure 11A shows the translation of the object in the world
reference frame, which can be seen in Figure 5B. The x-axis is
along the direction of closure of the Fingers 2 and 4, the y-axis is
in the direction connecting the bases of the Fingers 2 and 4, and
the z-axis is normal to the plane of the hand palm and points
upwards. As expected, the sphere is dragged in the positive x
direction. It initially tends to go downwards due to the contact
force exerted by the first phalanges of Fingers 2 and 4, but then
comes back upwards transported by the fingertips. The motion in
the y direction is null, whereas the rotation with respect to it is the
only change of orientation that is observed for the sphere (see the
0 angle in Figure 11B).

4.2 Objects Made of Different Materials

This set of simulations demonstrates that even though the gravity
is not activated, changing the inertial properties of the object
influences its resulting motion when it is grasped by the gripper.
In particular, the higher the density, the less the object tends to go
downward in the z direction, and the closer it arrives to Fingers 2
and 4 at the end of the simulation (Figure 12A,C). Fore more
dense materials, not only the translation, but also the rotation is
more limited (Figure 12B).

5 CONCLUSIONS AND FUTURE WORK

In this paper, we introduced a numerical tool for the simulation
of robotic grasping using Simulink and Simscape Multibody.
The tool is based on SynGrasp, a previously developed
MATLAB toolbox allowing purely kinematics or quasi-static
analyses. The library of functions and blocks developed in this
work adds a fundamental module enabling dynamics
simulations. The Simscape Multibody model of a robotic
hand can be defined in a straightforward way from
SynGrasp models thanks to a series of functions based on
programmatic model editing. In this way, even users with
limited experience with the Simscape Multibody environment
can build robotic hand models and run dynamics simulations.
More expert users can improve hand models, for example
importing realistic CAD representations of links and structural
components, or introducing specific mechanical transmission
systems, or completing the model with advanced hand control
systems. Grasped objects can be selected among a series of
primitive geometric shapes, or can be defined by means of their
3D CAD representation. Contact detection and contact force
evaluation are defined by means of a specific block.

The developed library is presented and its features are
demonstrated through a set of simulations performed using a

Grasp Simulation in Simscape

multifingered gripper interacting with different objects. In the
presented simulations, to better highlight the basic system
characteristics, the effect of gravity was not considered. In
particular, contact point detection was analysed, since it
represents the most challenging part of the simulation, in
terms of numerical complexity and in terms of result stability
and reliability. In the first set of simulations, grasps with different
objects were simulated, whereas in the second set we investigated
grasping of objects with the same shapes but different inertial
properties. The obtained results were coherent with the expected
system behaviour in all the simulated cases.

Future developments of this work are manifold. To make
the simulation more realistic, we will introduce the gravity,
and the contact detection between the links of the hand
themselves. In addition, we will study how to simulate the
simultaneous grasping of multiple objects, and we will
introduce the environment in the simulations. In this way,
grasping strategies exploiting environmental constraints
(Bimbo et al., 2019; Pozzi et al., 2020) could be tested. A
deeper investigation on contact modeling and detection will
also be conducted. As it is implemented now, the contact
detection only allows retrieving the phalanx in which the
contact was detected, and not the exact contact point on the
phalanx surface. For this, it would be necessary to explicitly
build and use a contact mesh. In addition, other contact
models will be considered and possibly compared,
depending on the type of simulated interactions and tasks
(Skrinjar et al., 2018).

We will also consider the inclusion of blocks evaluating,
during the simulation, specific grasp properties (e.g., grasp
robustness, manipulability indices, grasp quality measures,
etc.). Since the toolbox is capable of performing numerical
dynamic simulations, it is particularly suitable to model and
simulate soft robotic hands (Pozzi et al., 2018). The dynamic
equations governing the motion of soft bodies are highly
nonlinear and in most cases cannot be solved analytically
in a closed form. For this reason, one must resort to the
numerical solution of the resulting dynamic equations. We
also plan to implement the complete simulation of the hand-
arm system in grasping and manipulation tasks, possibly
introducing dual-arm systems capable of executing complex
bimanual tasks.
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