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Modularity.
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Abstract—In this study, we present an efficient mathematical
representation of soft robotic fingers based on screw theory.
Then, we show how the model and its main properties can be
exploited in the design phase and we present an application
for an under-actuated tendon driven gripper with a modular
structure, in which the joint stiffness values are defined to obtain
the desired equivalent stiffness and kinematics manipulability at
the fingertips. A distribution of stiffness through the flexible parts
of the gripper is fundamental to characterize its overall behavior:
the introduced mathematical model enables the gripper designer
to analyse how a specific property e.g., a desired trajectory of
the fingertips, a desired overall stiffness, a distribution of contact
force, etc., is influenced by the stiffness of its passive joints,
and vice-versa evaluating the joint stiffness values allowing to
get a desired properties. Joints with different stiffness values
can be obtained by regulating 3D-printing parameters and
material properties in the manufacturing process. It is possible
to design modular grippers with the same mechanical structure,
but different behaviours, i.e. different fingertip trajectories,
equivalent fingertip stiffness ellipsoids etc.. Gripper modules can
be easily assembled and disassembled maintaining the same base,
to adapt them to different tasks. The presented model and design
guidelines are a first step in the direction of soft-grippers that
can be optimized for a specific problem.
Index Terms—Soft Grippers, Joint Compliance, Screw Theory,
Modular Robotic Hands.

I. I NTRODUCTION
Soft robotics is attracting a great interest both in research
and applicative contexts, due to versatility and adaptability
of compliant structures: soft materials allow robots to safely
interact with the environment, with manipulated objects and
also with humans. Furthermore, soft robotics can take advantage from additive manufacturing, an emerging technology that
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Fig. 1. The underactuated tendon-driven gripper proposed in this work
has two flexible fingers composed of three soft-rigid modules. Modules can
be assembled with different stiffness values at flexible joint level, obtained
changing 3D-printer parameters in the manufacturing phase.

offers great opportunities in terms of materials and mechanical
properties.
One of the main drawbacks of this type of robots is their
inherently under-actuation, and therefore the difficulties in
prediction and control of their behavior, especially in unstructured environments. Traditionally roboticists are used to deal
with links, that are assumed rigid, and joints, in which they
concentrate the relative motion. On the other hand, soft robots
have continuously deformable limbs that could be represented
only with highly dimensional models, while the number of
actuators is typically rather low, leading to under-actuated
systems whose modeling and control is still an issue [1], [2].
Most of the works in literature have focused on the realization
of novel soft-devices proposing different solutions in terms of
actuation and materials for gripper realization. Fewer efforts
have been devoted instead to a develop a systematic way to
model and design them [3]. Screw theory is a powerful and
elegant mean to model robots [4], it is an effective instrument also in modelling multifingered robotic hands, either
with hybrid parallel/serial structures, as the one presented
in [5], characterised by a reconfigurable palm with a closed
loop structure, and with underactuation and compliance, as
introduced in [6]. Such an approach can also be exploited as a
synthesis tool, as presented in [7], in which a space of selected
design parameters was systematically explored to maximize
the manipulation workspace of a three fingered robotic hand.
Interestingly, this approach was applied both for fully actuated
and for underactuated solutions. Fewer modelling tools are
available for continuously deformable structures, in [8], [9]
a comprehensive mathematical formulation based on screw
theory was developed for soft robots.
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In [10], [11], we proposed a preliminary study on the
possibility of changing passive joint stiffness to obtain a
desired fingertip trajectory inspired by common finger flexion
motions observed in human hands. The proposed method was
formulated as a synthesis problem, namely, given the fingertip
trajectory, it allowed to analytically evaluate the corresponding
stiffness value for the passive joints. The main limit of such
method was that the deformation was evaluated in a simplified
way, considering only one bending direction. The method was
validated on a modular under-actuated robotic gripper to be
used as grasp compensation devices for stroke patients.
In this paper, we present an application of the more general
and complete model introduced in [9] for the kinematics and
kinetostatic analysis of a modular tendon driven gripper with
compliant joints. Such a model is able to capture the bending
of flexible joints also in the unactuated (lateral) direction and
its torsional deformation, allowing to obtain a more complete
and realistic representation. Furthermore, the proposed model,
being based on a constant strain approximation of the continuous elastic rod, maintains the spatial distribution of the degrees
of freedom of the flexible joint as opposed to the conventional
lumped-joint assumption. This allows to integrate in the model
the mechanical properties of the continuous elastic joint and
at the same time to avoid the employment of unhandy partial
differential equations (PDEs).
In particular, we analyse how such model can be used to
calculate important properties of the system, i.e. the kinematics, manipulability, force, stiffness and compliance ellipsoids
of the modular finger and how we can exploit such results in
the analysis of robotic manipulation systems. We then exploit
such results in the design and development of an underactuated
tendon driven modular gripper whose fingers are composed of
joints designed to have a given stiffness and rigid links. We
designed fingers’ structure following a modular approach: In
most of the solutions existing in the literature, the hand is
composed of a series of identical fingers, and the modularity
is exploited at the finger level, e.g., see [12]. In the approach
we propose, all the phalanges, composed of a soft and a rigid
part, have the same geometrical shape and dimension, and
constitute singles modules that can be easily assembled, as
shown in Fig. 1. Beside the number and position of fingers in
the hand, we can change the number of phalanges and some of
their structural properties, similarly to the approach proposed
in [13]. A single actuator is used to control the motion of both
fingers through a differential mechanism, that provides to the
gripper adaptability to uncertain and variable object shape. We
capitalize upon our previous results to exploit the capability of
additive manufacturing processes and materials to produce the
gripper elements with specific mechanical properties defined
in the modelling phase.
II. M ECHANICAL MODEL OF A SOFT– RIGID FINGER
In this section, we apply and extend the general mathematical model exploited in [9] to a modular structure composed
of rigid links connected through flexible joints. The main
advantage of this formulation with respect to those previously introduced (e.g., in [10]) is that it allows modeling

deformations in all the directions, not only the actuated one.
Furthermore this formulation models the flexible joint as a
beam with a distributed deformation, rather than as a revolute
joint with a single stiffness value.
A. Kinematics
In order to describe the kinematics of a soft-rigid modular
gripper’s finger, we present the kinematics of a clutched soft
body first and then we show how the presence of a rigid body
clamped to it alters the formulation.
1) Single Soft Body: A single soft body element (numbered
i) of a multi-body soft-rigid structure is modelled as a Cosserat
beam undergoing constant deformation [9]. According to the
Cosserat beam theory, the configuration of a deformable body
with respect to the spatial frame at a certain time is defined
as a curve
!
gi (·) : X 7→ gi (X) =

Ri

ui

0T

1

∈ SE(3),

where X ∈ [0, L] is the material abscissa parameter (with
L the length of the soft articulation), Ri ∈ SO(3) is the
orientation matrix and ui ∈ R3 is the position vector.
The strain state of the soft arm ξi (·) : X 7→ ξi (X) is defined
as the infinitesimal displacement between two consecutive
points in the configuration space. The components of this field
are specified as

ξbi = 

k̃i

pi

0T

0



T
T
 ∈ 3) , ξi = kT
∈ R6 ,
i , pi

where pi (X) ∈ R3 represents the linear strains of the soft
body and ki (X) ∈ R3 the angular strains, while the hatband
the tilde ˜ represent the isomorphisms between twist vector
representation and matrix representation of the Lie algebras
se(3) and so(3) respectively.
Under the constant strain assumption, this last equation can
be analytically solved as
gi (X) = eX ξi ,
b

(1)

where we have considered gi (0) = I4 , i.e., we let the spatial
frame to be coincident with the frame at the base of the soft
body. The exponential law can be approximated by means of
Taylor’s expansion series, as [14]
1
b
eX ξi = I4 + X ξbi + 2 (1 − cos (Xθi )) ξbi2
θi
1
+ 3 (Xθi − sin (Xθi )) ξbi3 ,
θi

(2)

where θi2 = kTi ki .
In the classical Cosserat beam theory the strain twist ξi
could take any value in the six dimensional Lie algebra se(3)
(as long as physical constrains as material non-penetrability
are met). However, it is useful to consider constrained strain
state (ξi ∈ mi ⊂ se(3)), which can be the result of mechanical
properties (directional stiffness of materials) or modeling
assumptions (constant curvature models). Thus, we define
ξi = Bi qi + ξ̄i ,

(3)
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With respect to the body frame, the velocity twist is obtained
by
−1
−1
ηbj (X) = gsj
∂gsj /∂t = gsj
ġsj .
(6)

Fig. 2. Modular structure of a finger, composed of soft (red) and rigid (blue)
parts. Reference frames for each component, and main transformations.

where ξ̄i is a given twist which allows to model for fixed
yet non zero strains, e.g. inextensibility, and the columns of
Bi ∈ R6×ni form a basis for the screw system mi . The screw
system of motion is given by mi ≡ span{Bi , ξ̄j }, while the
number of DoF ni is determined by the dimension of the
joint vector qi ∈ Rni . For example if we restrict the soft
articulation to inextensible bending and torsional motions for
all the modules of the finger, ni = n = 2 and we have
!T
Bi = B =

ξ̄i = ξ̄ =



1

0

0

0

0

0

0

0

1

0

0

0

0

0

0

1

0

0

T

b

b

b

b

ηj (X) =

j
X

Ad−1
gi ···gj (X) Tgi B q̇i =

j
X

j

Si q̇i ,

(4)

(5)

It is worth to observe that, eq. (4), and (5) represent the
PoE formula [15] for a soft-rigid structure and allow to obtain
the configuration of any body and cross section of the system
from the knowledge of the joint variables q only.
B. Differential Kinematics
The velocity twist ηj of a body j in a multi-body system is
given by the time evolution of the configuration gsj . Without
loss of generality, let us consider a soft body j in this section.

(8)

i=1

i=1

where Tgi (X) represents the tangent operator of the exponential map [14]. The index i of (8) run over all the bodies in the
chain and the quantities related to i in the series is evaluated
at L for i 6= j and X
making use of
T j. Finally,
 Twhen iT =
2N
∈R
(where, N is the
the joint vector q = q1 · · · qN
total number of modules.) we obtain the differential kinematics
equation of the system in the form
ηj (X) = Jj q̇ ,

The configuration of a generic cross section of the soft joint
of the j th module identified by X, is given by
gsj (X) = eLξ1 g1b gb2 · · · gbj eX ξj .

Now, introducing (5) in (6), writing the result in the adjoint
representation and using (3), we obtain

,

where the body frames considered to define the configuration
are defined as shown in Fig. 2.
2) Soft-Rigid finger: The configuration of a body in a softrigid structure is given by the concatenation of the rigid motion
between the adjacent frames in the chain that connects the base
frame to the body frame. Considering a modular structure, let
us define gib and gbj the fixed rigid transformations between
the tip frame of the soft body i, the phalanx’s body frame and
base frame of the soft body j respectively. Then, the configuration gsjb of the phalanx of the j th module with respect to
the spatial frame, is given by gsjb = g1 (L)g1b gb2 · · · gj (L)gjb
which, introducing eq. (1), becomes
gsjb = eLξ1 g1b gb2 · · · eLξj gjb .

The component of this field are specified as ηj =
T
wTj , vTj
∈ R6 , where vj (X) ∈ R3 and wj (X) ∈ R3 are
respectively the linear and angular velocity of the cross section
X at a given instant of time.
b
The time derivative of a single transformation eX ξ can
be evaluated by Hausdorff formula for the derivatives in Lie
groups [16], which states
!
Z X
∂ X ξb
b
˙ −sξb
sξb b
(7)
e ξe ds eX ξ .
e =
∂t
0

(9)

which defines the geometric Jacobian of body j, Jj (X) =
[j S1 · · · j SN ] ∈ R6×2N whose components j Si (X) ∈ R6×2
are as for equation (8). Considering the consecutive rigid
phalanges of the same j th module, equation (8) becomes
ηjb =

j
X

jb

Si q̇i = Jjb q̇ ,

(10)

i=1

where the only difference with ηj (L) is represented by the
fixed rigid transformation gjb , i.e., Jjb = Ad−1
gjb Jj (L). In
particular, for the tip phalanx j ← N .
C. Statics
In the following we derive the generalized static equation for
a soft-rigid structure by means of the d’Alembert’s principle.
1) Rigid Body Case: The equations of motion for the
dynamics of a rigid phalanx of the ith module are obtained
from the Poincaré variational calculus of [17]. Considering
steady-state conditions, and including the loads due to the
adjacent soft bodies, this calculus yields to
∗
Ad∗−1
gib F JiR − Adgb(i+1) F J(i+1)L + F eib = 0 ,

(11)

where F eib ∈ R6 is the external load and F JiR , F J(i+1)L ∈
R6 are the forces transmitted across the clamping with the soft
articulation of the same module i and of the next module i + 1
respectively (the subscript R and L stand for the right and left
boundary of a soft body, we proceed from left to right). All
the quantities are evaluated locally.
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Let us define a virtual displacement ζib ∈ R6 which satisfies
ζib = Jib δq. In order to eliminate the constraint force, we
have to project the equation of motion onto the linear space
T
T
generated by ζib
= δq T Jib
. Applying this projection to (11),
we obtain
∀δq ∈ R2N :
h


i
T
∗
T
δq T Jib
Ad∗−1
gib F JiR − Adgb(i+1) F J(i+1)L + Jib F eib = 0,

(12)

0

which leads to the generalized statics equation


T
∗
T
Jib
Ad∗−1
gib F JiR − Adgb(i+1) F J(i+1)L + Jib F eib = 0.

(13)

In our case, the external loads acting on the rigid body are
given by the cable actuation F aib , the gravity force F gib and
the concentrated contact forces F pib due to the manipulation
interactions, in other words
F eib = F aib + F gib + F pib .

Let’s define gbl and gbr the fixed rigid transformation
between the body frame of the rigid body and the cable frame
while it enters and leaves the rigid body respectively (Fig. 2).
Then, the direction of action of the cable entering uil /kuil k
and leaving uir /kuir k the rigid phalanx of the ith module
can be found by
!
Ril

uil

0T

1

Rir

uir

0T

1

where F̄ ei (X) ∈ R6 is the distributed external load and
F ii (X) ∈ R6 is the internal force due to the elasticity of
the soft body. All the quantities are evaluated locally.
Let us defined a virtual displacement field ζi (·) which
satisfies ζi (X) = Ji (X)δq ∈ R6 . Following steps similar
to what we have done for the rigid body case, we obtain the
following generalized statics for a soft body [9]
Z L
Z L

JiT F 0ii + ad∗ξi F ii dX +
JiT F̄ ei dX = 0. (17)

−1 −1
−1
= gbl
gib gi (L)−1 gbi
gbr ,

0

Regarding the internal elastic force, a constant, linear constitutive model is chosen.
F ii (X) = F ii = Σi (ξi − ξ ∗ ) ,
where
Σi = diag(Gi Jx , Ei Jy , Ei Jz , Ei A, Gi A, Gi A) ∈ R6×6
is the screw stiffness matrix of the ith module (E being the
young modulus, G the shear modulus, A the cross sectional
area and J· the moments of area) and ξ ∗ is the reference configuration strain twist. Recovering equation (3) and noticing
that ξ ∗ = Bq ∗ + ξ̄, the expression of the internal elastic force
becomes
F ii = Σi B (qi − q ∗ ) .
(19)
The only distributed external load considered is the gravity
force (i.e. F̄ ei = F̄ gi ), which can be expressed as
F̄ gi (X) = Mi Ad−1
gsi G ,

!
−1
= gbr
gb(i+1) g(i+1) (L)g(i+1)b gbl ,

which yields to
F aib = F alib + F arib

T

T
uTil
uTir
= T Ad∗gbl 0 0 0
+ T Ad∗gbr 0 0 0
,
kuil k
kuir k
(14)
where T is the cable tension. Notice that the entering and
leaving cable direction of action depends only on qi and
q(i+1) , respectively.
The contact force F pib is considered to be a given input (or
unknown output for the inverse problem), while the gravity
force is found by
F gib = Mib Ad−1
gsi G ,
b

(15)

where Mib ∈ R6×6 is the screw inertia matrix of the rigid
T
body and G = [0 0 0 0 − 9.81 0] is the gravity twist with
respect to the spatial frame.
2) Soft Body Case: The equations of motion for the dynamics of a soft body i are obtained from the extension to
continuum media of the Poincaré variational calculus [18].
Considering steady-state conditions, this calculus yields to the
strong form of a steady state Cosserat beam, i.e., the partial
differential equations and their boundary conditions
F 0ii + ad∗ξi F ii + F̄ ei = 0 ,
F ii (0) = −F JiL , F ii (Li ) = −F JiR ,

(18)

(16)

(20)

where Mi (X) = Mi = diag(Jx , Jy , Jz , A, A, A)ρi ∈ R6×6
is the screw inertia matrix of the cross section with mass
density ρi .
3) Soft-Rigid Finger: The virtual work of the whole finger
is the sum of the virtual works of each subsystem. Thus,
the equation of motion for a soft-rigid multi-body system is
evaluated as the sum of equations like (13) and (17) over all the
bodies of the system. This operation yields to the generalized
statics equation in the classical form
τ (q) + F (q) + N (q) G = 0 ,

(21)

where F ∈ R2N is the vector of generalized external
forces,
N ∈ R2N ×6 is the gravitational matrix and τ =
 T
T
τ1 · · · τNT
∈ R2N is the vector of elastic forces at the
soft articulations.
It can be shown from eq. (13)-(17) the force transmitted
through the clampings cancel each others, yielding to
τi = ib SiT F alib − K (qi − q ∗ ) ,
F =

N
X

(22)

T
Jib
F pib ,

(23)

i=1

N=

N Z
X
i=1

L
0

T
−1
JiT Mi Ad−1
gsi dX + Jib Mib Adgsi ,
b

(24)

where K ∈ R2N ×2N is the generalized stiffness matrix

K = diag B T Σ1 B, B T Σ2 B, · · · , B T Σn B L.
(25)
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D. Ellipsoids
The kinetostatic model developed above allows to calculate
manipulability, force and stiffness ellipsoid of the modular
gripper’s fingers at any configuration.
1) Manipulability Ellipsoid: The manipulability ellipsoid is
the projection into the tangent task space of a 2N dimensional
sphere in the tangent joint space given by q̇ T q̇ = 1. Making
use of (10) with j = N → tip we obtain the following three
dimensional linear and angular ellipsoids:
−1

vTtip Jvtip JvTtip
vtip = 1 ,
(26)
−1

wTtip Jwtip JwTtip
wtip = 1 ,
(27)

0
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0
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y (mm)

a)

b)

0.02

0

0

iT

PTtip

T

environment as F tip =
= −F pN b , where Ttip
and Ptip are the tip torque and force respectively. Then,
from the statics equation (21) the tip wrench due to the joint
T
torques τ satisfies τ = Jtip
F tip , which yields to the three
dimensional linear and angular force ellipsoids


PTtip Jvtip JvTtip Ptip = 1 ,
(28)


TTtip Jwtip JwTtip Ttip = 1 .
(29)
3) Stiffness Ellipsoid: The stiffness ellipsoid is the projection into the dual tangent task space of a six dimensional
sphere in the tangent task space determined by the passive
elasticity of the soft-rigid structure. The
 original
T sphere is
T
given by ζtip
ζtip = 1, where ζtip = sTtip rTtip
= ηtip δt
are the infinitesimal rotation and displacement of the tip
phalanx. Similarly to the force ellipsoid, using the statics
equation (21) and the joint
elasticity equation (22), we obtain

T
ζtip = Jtip K −1 Jtip
F tip , which yields to the following
three dimensional linear and angular stiffness ellipsoids

2
PTtip Jvtip K −1 JvTtip Ptip = 1 ,
(30)

2
TTtip Jwtip K −1 JwTtip Ttip = 1 .
(31)
III. A NALYSIS OF AN UNDERACTUATED SOFT GRIPPER
In this section, we show how the mathematical formulation
described in the previous section can be used to evaluate a
modular underactuated soft–rigid gripper. In particular, we
evaluated angular manipulability and stiffness ellipsoids in
two different configurations, that were obtained by setting the
suitable values for joint stiffness, with the synthesis procedure
described in [10], [11]. The selected configurations have been
chosen to obtain on the gripper, when actuated, a power grasp
and a pinch grasp, respectively. In a power grasp the fingers
seek to envelop the whole object surface, so to obtain a
high number of contacts and a homogeneous distribution of
contact points, that allows to safely maintain the grasp and
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and we have considered
where JN b = Jtip = JwTtip JvTtip
full rank Jacobians.
2) Force Ellipsoid: Similarly, the force ellipsoid is the projection into the dual tangent task space of a 2N dimensional
sphere in the dual tangent joint space given by τ T τ = 1.
Let’s define the wrenchh that the itip phalanx exerts on the

−0.02

ky (N/mm)

h

0
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0.2
0
−0.2
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−1
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0
kx (N/mm)
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1

f)

Fig. 3. A modular underactuated soft gripper composed of two identical
3-DoF fingers. First row: configurations for a) power grasp and b) pinch
grasp. Second row: configuration analysis, kinematics (green) and stiffness
(red) ellipsoids for c) power grasp, and d), pinch grasp (only results relative
to the left finger are reported for the sake of clarity).Third row: equivalent
grasp stiffness ellipsoid, projection on the gripper plane for the e) power
grasp, and f ) pinch grasp.

to compensate external disturbances. To obtain this type of
grasp, the gripper should close so that the links envelop a
circumference with a radius decreasing while the actuation
is increasing. Pinch grasp is employed for precision tasks or
to grab small objects: the fingers here contact the object in
small contact zones, close to the fingertips. To obtain this
type of grasp the trajectory of the fingers should be such
that the distance between the fingertips and the palm does not
decrease while the gripper is closing, otherwise, if the task
consists in grasping a small object from a flat surface, the
fingers would interact with the surface before the object and
such an interaction may influence task precision. The gripper
that we simulate in this section is composed of two fingers,
each of them has three modular phalanges, connected through
elastic elements with different stiffness values, defined with
the procedure described in [10], [11] to design a power grasp
and a pinch grasp. Fig. 3 a), b) show the two different grasp
configurations. The model was realised with the SynGrasp
toolbox [19]. Using an underactuated tendon-driven structure
for each finger, the first configuration can be obtained by
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choosing the following Young’s moduli, for the power grasp:
E1,4 = 6.22 E2,5 = 3.02 E3,6 = 3.02 (MPa),

(32)

and for the pinch grasp:
E1,4 = 1.75 E2,5 = 6.22 E3,6 = 6.22 (MPa).

(33)

It’s worth to notice that, since the 3D printing system that
was used to produce flexible joints allowed to choose among
a finite set of possible parameters (we only exploited the infill
density percentage), and since we choose to keep a fixed
geometric shape for the modules, we could obtain only a
finite set of possible stiffness values. We then approximated
the values obtained with the procedure detailed in [10], [11]
with the closer value that could be effectively manufactured.
Flexible joints, in presence of an external disturbance, may
exhibit more complex behaviours, beside the main bending
deformation direction, for instance bending in the direction
orthogonal to the actuation one and torsion. We therefore
applied the mathematical model described in the previous
section, that is able to capture this more general deformation,
to have a more complete description of gripper behaviour.
In Fig. 3 c), d), the angular manipulability and stiffness
ellipsoids, are shown. They are evaluated from equations (27)
and (31), applied to a power and a pinch grasp configuration,
respectively. It is interesting to notice the different orientations
of ellipsoids’ principal axis in the different configurations,
in particular, in the pinch grasp configuration, the principal
axis of the stiffness ellipsoid is approximately aligned with
the local z axis. The outcomes of this study, beside the
individual chain stiffness or manipulatiblity, is the equivalent
stiffness matrix defined in eq. (25), that is fundamental not
only to characterise the behaviour of each single finger, but
also to assess the main grasp properties, as for instance grasp
manipulability ellipsoids [20], controllable internal forces [6],
or grasp equivalent stiffness [21]. As an example, in Fig. 3
e), f ) we evaluated the equivalent overall grasp stiffness as a
function of K and grasp properties, as detailed in [21]. For
the power grasp configuration, in which the gripper envelops
the object, we considered a contact point in the middle of
each phalanx and two further contacts in the fingertip (overall
8 contact points were considered). Given hand configuration
and contact point locations, it is possible to estimate grasp
matrix Gh and hand Jacobian Jh [22] and therefore the
main grasp properties, as for instance grasp stiffness matrix
Kgrasp , that is a 6 × 6 matrix relating the generalised six
dimensional object displacement δuobj to the external wrench
δwext , i.e. δwext = Kgrasp δuobj . The prefix δ is adopted
here to indicate that we are considering small variations with
respect to an initial equilibrium condition, such an hypothesis
is necessary to linearize system equations. In Fig. 3 e) we
reported the projection on the xz plane of the stiffness ellipsoid
corresponding to Kgrasp . The same procedure was applied to
analyse the pinch grasp configuration, in this case the contact
with the object was considered only in the fingertips. Due to
the lower number of contacts and the different configuration,
stiffness ellipsoid projection on the plane xy, reported in Fig. 3
f ), assumes in this case a less isotropic aspect and a smaller
dimension.

To exploit the capabilities of the model to capture more
complex deformation and loading conditions, Fig. 4 shows
simulation results in terms of finger configuration, kinematics
manipulability and stiffness ellipsoids for different loading
conditions, obtained applying a fixed cable tension and, increasing the twisting torque (applied on the fingertip) from 0
to 0.2 Nm. Results in this case are relative to a single finger of
the gripper in which the properties of flexible joint materials
are selected to obtain power grasps.

IV. D ESIGN AND D EVELOPMENT OF S OFT-R IGID T ENDON
D RIVEN M ODULAR G RIPPER
In this section we describe the design and realisation of
the gripper previously analysed. Its CAD representation was
introduced in Fig. 1.

A. Design and prototype
The proposed device is intrinsically-compliant, modular,
under-actuated and cable driven. Each module consists of a
rigid link realized in ABS (Acrylonitrile Butadiene Styrene,
ABSPlus, Stratasys, USA) and a thermoplastic polyurethane
part (Lulzbot, USA) that acts as the flexible joint. Both of
them were realised with a standard FDM (Fused Deposition
Modeling) technique. The device actuation is achieved by
using a single actuator (Dynamixel MX-28T, Robotis, South
Korea) and two tendons realised in polyethylene, connected
to the actuator by means of a differential mechanism, whose
input is a pulley rigidly attached to the actuator shaft [23]. The
three main parameters that we can regulate in the design phase,
according to the model previously introduced, are reference
(unloaded) configuration, tendon routing and joints stiffness
properties. The mechanical model presented in Section II can
consider any arbitrary reference configuration (q ∗ ) and its
effect on the internal elastic force F ii as described in eq. (19).
In the prototype presented in this work, we considered a
straight rest configuration in which the tendons are connected
in the inner part of the finger, so that when the the motor is
actuated a closure motion is obtained.
For a given geometric shape of the flexible joint, that has to
be fixed since the structure is modular, to modify element stiffness we could act mainly on internal properties, for instance
on material Young’s modulus E. Choosing the thermoplastic
polyurethane, we could change E through the printing infill
density percentage, as detailed in [11]. Therefore, once we
evaluated the desired stiffness profiles, and we fixed module
geometry, we manufactured flexible joints by suitably regulating the infill density percentage. More in general Young’s
modulus depends on various fabrication parameters: beside
the infill percentage density, we could consider also the infill
pattern, we could use more complex manufacturing techniques,
etc. A more detailed analysis on the manufacturing process
and on how it can be effectively used to obtain the desired
stiffness for passive elements, and its analysis with FEM tools
and experimental validation is currently in progress.
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Fig. 6. The soft gripper grasping objects of various shapes, sizes and materials
using power and pinch grasps obtained by changing the stiffness of deformable
joints.
Fig. 5. Gripper prototypes and preliminary experiments. a) Reference
unloaded configuration and fingertip trajectories for the power (blue) and
precision (red) grasps. b) comparison between simulated trajectories and
experimental ones. c) Evaluation of vertical grasp resistive force in the power
grasp configuration. d) Evaluation of horizontal grasp resistive force in the
power grasp configuration. e) Evaluation of horizontal grasp resistive force in
the pinch grasp configuration.
TABLE I
S UMMARY OF OVERALL GRIPPER PERFORMANCE IN THE POWER AND
PINCH GRASP CONFIGURATIONS .
Max. payload (power grasp) (cylinder
dia=85 mm)

43.0 N

Pinch grasp max. horizontal resistive force
(cube 25 x 25 x 25 mm)

10.5 N

Power grasp max. horizontal resistive force
(cylinder dia=85 mm)

50 N

B. Pinch and power grasp trajectory plotting
We assembled two gripper configurations, corresponding to
the power and pinch applications. The experimental setup and
snapshots of the two resultant trajectories are reported in Fig.
5-(a). As it can be seen, the obtained trajectories are suitable
for the specific tasks that we want to employ: in power grasp,
the fingertips move towards the palm, to assure object envelop,
while in precision grasp they remain quite far from the palm so
that they could grasp small objects from a surface. Fig 6 shows
possible grasps obtained by using power and pinch grasp.
C. Performance Characterization
Beside the design guidelines reported in the previuos sections, the gripper performance was evaluated through a subset

of the tests proposed in [24]. In particular, we measured the
maximum payload for power grasp and maximum horizontal
grasp resistive force both in pinch and power grasp. The
experimental setup is shown in Fig. 5 c), d) and e). In all the
tests the gripper was actuated with the maximum motor torque,
the obtained results are summarized in Table I. As expected,
the maximum horizontal resistive force is significantly higher
in the power grasp with respect to the pinch grasp, even if
the motor is actuated with the same torque. The performance
variation is clearly due to the different hand/object configuration, that in the power grasp configuration present more
contacts, and reflects the results in terms of overall stiffness
highlighted in Fig. 3 e), f ), even if the correlation between
such results is not trivial, since the maximum resistive force
depends on other factors, e.g. contact friction, that are not
considered in the numerical evaluations previously introduced.
Further investigations on the correlation between numerical
simulation results and performance evaluation are planned as
a future improvement of this study.
D. Grasping of objects with different shapes
In order to prove the grasping ability of the gripper and
its ability to adapt to the shapes different objects, we tested
the two configuration of the prototype to grasp objects with
different shapes, dimensions and weights. All the objects were
taken from the YCB dataset. We analyzed the capability of the
gripper to adapt to the shape of each grasped object, producing
a stable enveloping or precision grasp and their robustness. The
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obtained grasps are shown in Fig. 6. The gripper was able to
adapt to the shape of the grasped objects due to its specific
closure configurations and to its intrinsic compliance.
V. C ONCLUSION
In this paper, we presented a model for soft-rigid structures
that can be used for the evaluation of the novel generation of
soft hands, see e.g., [25], [3]. We also presented the design and
evaluation of a two finger tendon driven gripper composed of
rigid links connected through flexible joints, with a modular
structure, in which the stiffness of flexible elements can be
designed to obtain a desired closure configuration. We adapted
a general mechanical model based on screw theory and developed for continuous soft robots to a soft-rigid structure,
and we exploited the main results of the kinematics and
kinetostatic analysis to characterize the deformation of flexible
joints and of the overall gripper. In particular we analysed
how to set joint stiffness to obtain during the closure of the
gripper, a power grasp or a precision (pinch) grasp. Different
stiffness values could be obtained during the manufacturing
phase by regulating the material infill density percentage.
These results were used to realise two prototypes, that we
used to perform some qualitative and quantitative experiments.
In this phase we focused mainly on the application of the
model as an analysis tool, evaluating system properties once
structural and design parameter values are given. One of
our next objectives is also the exploitation of the proposed
model for gripper synthesis, formulating the design problem
as an optimization procedure, as proposed for instance in [7].
Beside the manipulation workspace analysed in that work, we
are also interested in evaluating overall force distribution on
grasped object and grasp stiffness. For that, additional work is
under process to extend the proposed model to the closedchain configuration that arises during object manipulation
[5]. We are also investigating further the properties of the
advanced materials like composites and advanced additive
manufacturing techniques to obtain better regulate mechanical
properties of flexible joints.
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