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Abstract—This paper presents a further investigation of a
novel adaptive soft robotic gripper with integrated active
elements, i.e. sensors and actuators. In many contemporary
robotic applications, there is a great need to grasp differently
shaped and sized objects as well as objects of different stiffness
or soft objects. Grippers based on classical rigid-body
mechanisms cannot safely manipulate with such a wide variety
of objects, as they are stiff and not adaptive. Adaptive gripper
proposed here is based on elastic active compliant mechanisms.
Via integrated sensors, and actuators active smart gripper
changes the shape of its grasping surface and adapts to the
object of unknown shape. Concept of a two-finger gripper and
a functional prototype of one gripper finger are presented.
Sensors are formed by using conductive graphite foam. The
machine learning models of tactile foam sensors are presented.
Actuators are formed by using a shape memory alloy wire
nitinol. It is demonstrated that developed soft gripper concept
with integrated active elements can realize multiple grasping
patterns. Many potential applications in robotics are foreseen
for the novel smart adaptive gripper.

Keywords—robotics, adaptive gripper, compliant mechanisms,
conductive foam sensors, nitinol wire sensors

I. INTRODUCTION

Handling of objects of various shapes and sizes, as well as
handling of fragile and soft objects, is required in many
contemporary robotics applications. For safe grasping and
manipulation of such a wide variety of objects, adaptability is
required. Grippers that utilize rigid-body mechanisms cannot
realize the needed level of adaptability and they generally
cannot handle well soft and fragile objects. Developing an
adaptive compliant gripper that can realize manipulations of a
wide variety of objects, represents a challenging task.
Adaptive smart gripper solution could respond to external
stimuli during grasping and could realize shape morphing of
its grasping surface and achieve appropriate adaptation to
objects of various shapes. Applications in different industries
would benefit from such kind of gripper. Moreover, industrial
robots with adaptive soft gripper would be flexible and
adaptive to their working environment.

In recent years various kinds of soft robotic grippers that
achieve some measure of adaptability were developed [1-10].
Most of the developed grippers have disadvantages like: need
for complex assembling [1,8], bulky external drives (motors,
compressed air) [1, 3-5, 7-10], high operating voltage [6],
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limited possibility for scaling, complicated and expensive
solutions, no unique synthesis methodology how to design
adaptive gripper.

This paper presents a novel concept of the adaptive soft
robotic gripper. One way to develop adaptive shape morphing
gripper is to utilize active compliant systems i.e. compliant
mechanisms with integrated sensors and actuators (Fig. 1).
Flexible monolithic structures that utilize elastic deformation
of its structural segments, to realize force and motion
transmission, are usually known as compliant mechanisms
[11]. Such mechanisms offer different benefits over rigid-
body mechanisms: reduce complexity, easy to manufacture,
no assembly, friction-free motion, better scalability.
Compliant mechanisms deform as one whole structure, thus
providing one unique advantage for achieving shape
morphing and adaptability. By integrating sensors and
actuators within the compliant mechanism structure, it is
possible to develop a system that can realize controllable
shape morphing. This kind of compliant system can be utilized
to realize soft robotic gripper. By using integrated actuation
and via compliant structure, the gripper can realize
controllable shape morphing of its grasping surface i.e. can
realize multiple grasping patterns thus achieving structural
adaptability. Information from the integrated sensors in the
gripper system can be used to detect contact with the objects.
This information can also provide feedback to realize
appropriate control of actuators and grasping surface and
achieve needed shape morphing. Such gripper would be able
to adapt to the unknown shaped objects (Fig. 1).

actuators
compliant
mechanism

Fig. 1. Illustration of a compliant system (compliant mechanisms with
integrated sensors and actuators) as an adaptive soft robotic gripper.



The concept design of the full two-finger gripper is already
presented in our previous paper [12]. The prototype model of
one finger gripper with integrated smart material actuators and
sensor was introduced as well in [12]. Actuators were formed
by using shape memory alloy wires (SMA) [13]. Sensors were
formed by using conductive foam material [12]. The simple
control algorithm was developed as well. It was shown that
such griper concept can realize controllable shape morphing
of its grasping surface via SMA actuators and when
conductive foam sensors are used to detect pressure. But
detailed investigations regarding sensor behaver and model
were not introduced.

Capabilities and adaptability of a gripper have been further
investigated in this paper by using geometrically nonlinear
FEM. It was shown that the obtained solution of the gripper
could realize different grasping patterns but when only
contracting actuators are used, while other possibilities were
not investigated. In this paper, further analysis and results are
presented when a combination of contracting and expanding
actuators are used. This paper presents also the new model for
prediction of conductive graphite foam-based sensor behavior
when they are used as displacement sensors. The model is
developed by using machine learning. The integration of
sensors with the gripper finger prototype is presented.
Possibilities to use the developed sensor model and
information derived from them to realize smart gripper
concept i.e. more advanced control of gripper grasping surface
are described at the end.

II. DESIGN METHODOLOGY FOR ADAPTIVE
SOFT ROBOTIC GRIPPER

The synthesis methodology for the adaptive soft robotic
gripper is already presented in [12, 14]. Here only a very brief
summary is given.

To develop the adaptive robotic gripper, compliant
systems i.e. compliant mechanisms with integrated actuators
are used [11]. Synthesis method for such systems includes:
defining the problem  specifications (Fig. 2a);
parameterization of the design domain [14] (Fig. 2b); and
application of genetic algorithms [15] as an optimization
method for finding the optimal solution (Fig. 2c).
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Fig.2. The synthesis of the adaptive soft robotic gripper finger: a) problem
specifications; b) design domain parameterization; c¢) optimal solution.

In order to simplify the optimization process, the synthesis
of only one finger of the gripper is done. Based on this 2, 3 or
multiple finger gripper can be easily designed. Optimization
approach includes [14] the simultanecous synthesis of
mechanism structural topology and actuator placement
(orientation, location, size). Here the forming of mechanism
structure affects how the actuators are placed in the structure
and vice versa. The variables that are optimized are the beam
thickness (structural elements of the mechanism) and a

variable that selects actuators in the structure [14]. Here the
beams can have different thickness and can become an
actuator. The goal of optimization is to find optimal topology
i.e. optimal outline of the compliant structure with integrated
actuators so that system achieves maximal structural
controllability (adaptability) [14] of its grasping surface.

The obtained optimal solution of adaptive soft robotic
gripper finger is shown in Fig. 2c.

III. TwO-FINGER ADAPTIVE SOFT ROBOTIC
GRIPPER DESING

By using the obtained optimal solution (Fig. 2c) a
prototype model of the two-finger gripper concept is designed
(Fig. 3). Here, the actuators are modeled in the form of thin
elastic spring elements (“S” form) first.

The actuators are modeled in such a way, in order to
simulate the general behavior of any actuator that can
contract/expand i.e. to show the behavior of the gripper fingers
when actuators contract/expand. To investigate the behavior
of the two-finger gripper, a nonlinear FEM simulation is
performed by using commercially available FEM software.
For setting up the FEM simulations, the following initial
conditions are set:

e fixed bounded condition is applied to the bottom
surface of the gripper frame (Fig. 3),

e input displacement of 5 mm is applied at both ends of
all the actuators (total stroke of actuators is 10 mm,
black arrows); to realize shape morphing of the
grasping surface,

e to realize closing of the gripper, input displacement of
5 mm is also applied at the input port of the gripper
(red arrows).

Fig. 4 shows the behavior of two-finger gripper when
contracting actuator 1 and expanding actuator la (Fig. 4a),
contracting act. 2 and expanding act. 2a (Fig. 4b) or
contracting act. 3 and expanding act. 3a (Fig. 4c) are active.
Different irregular shaped objects can be grasped when a
combination of contracting and expanding actuators is used.

Fig. 3.

The concept of the adaptive soft robotic two-finger gripper.

For example, when actuators 2 and 2a are active or
actuators 3 and 3a, a convex-concave shaped object can be
grasped (Fig. 4b and Fig. 4c) and when actuator 1 and 1a are
active an object with additional straights can be grasped (Fig.
4a). More grasping patterns could be realized if multiple
actuators at one gripper finger are active at the same time.
Concave and convex objects of different size could be grasped



for different input displacement at the input port of a gripper
as well as for different strokes of the actuators. More variety
of different objects could be grasped if only extending or a
different combination of contracting and extending actuators
are used too (than the ones explored in this paper).
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Fig. 4. FEM results of the two-finger gripper behavior when contracting and
expanding 1 and la (a), 2 and 2a (b) or 3 and 3a (c) are active (in the figures
to the right gripper fingers are shown in closed-end positions).

The results of FEM simulations show that the adaptive
two-finger gripper can realize different grasping patterns and
has the potential to adapt to different shaped objects.

IV. ACTUATORS

Real actuators need to be used in order to realize
controllable shape morphing of the gripper grasping surface.

Classical actuators such as electro-motors, hydraulic and
pneumatic cylinders, are considered to have infinite stiffens.
Thus, they can not be used as actuators of compliant systems.
Many researchers developed different kind of actuators that
are suitable for application in compliant systems, such as
artificial muscles [16, 17], piezoelectric actuators, compliant
fluidic actuators, smart polymers, and shape memory alloys
(SMA) [17].

Among all the actuators, SMA was chosen as the most
suitable for application in the developed gripper. SMA
represents a material when heated above a certain temperature
(activation temperature), and if previously deformed and

distorted, it can retain its “memorized” pre-deformed shape
[13, 18]. This property of SMA (to return to its memorized
shape) can be used for actuation. By using SMA in the form
of a wire it is possible to heat-treat the wire (“train” the wire)
to remember the particular shape. Thus, it is possible to
develop different kinds of actuators.

Fig. 5. Nitinol wire actuators: a) actuator 1; b) actuator 2; c) actuator 3;
d) actuator 1b; e) actuator 2b; f) actuator 3b.

In [12], details explanation is given about forming the
SMA actuators for the developed soft robotic gripper. Here the
final form of actuators is presented. Fig. 5 shows the
contacting and expanding SMA actuators that are used as
actuators of robotic gripper finger.

First contracting SMA actuators are integrated within the
compliant structure (Fig. 6a to Fig. 6¢). After the activation of
contracting actuators, gripper finger will stay in its deformed
position (Fig. 6d to Fig. 6f), as nitinol wires cannot realize
repetitive motion and return the grasping surface in its initial
position. To realize repetitive motion i.e. active stroke of the
actuators in both directions, an additional set of extending
actuators is used in a parallel plane (at the same place like their
corresponding contracting actuators).

Fig. 6g to Fig. 61 shows the behavior of gripper finger
when individual contracting SMA actuators are activated,
while both contracting and expanding actuators are integrated.
The contacting actuators for cases shown in Fig. 6d to Fig. 6f,
are activated by applying the voltage of 1.5 V. For cases
shown in Fig. 6g to Fig. 6i, all the actuators are activated by
applying the voltage of 3 V.

To realize return stroke of the actuators 1, 2 and 3 i.e. to
return the grasping surface in its initial (undeformed) shape,
extending actuators (1b, 2b, 3b) are activated. By analyzing
the behavior of the compliant system in Fig. 6g, it is observed
that all three actuators (1b, 2b, and 3b) return the grasping
surface in the initial shape. In this way, adaptive shape
morphing gripper finger can realize controllable displacement
in both directions. It could be concluded that the developed
adaptive soft robotic gripper finger with integrated contracting
and extending actuators could realize controllable shape
morphing and thus multiple shapes (grasping patterns) of its
grasping surface.

V. SENSORS

The tactile sensors in a form of soft or artificial robotic
skin are suitable for application in the developed robotic
gripper. Different type of tactile sensors was developed by
others [19 - 20]. But most of these sensor solutions are
complicated to realize and expensive. Thus, here different
concept of a simple, low-cost sensor is developed by utilizing
conductive polyurethane graphite foam (Fig. 7).



Fig. 6. Adaptive gripper finger with integrated nitinol wire actuators: (a)
gripper finger structure, (b) integration of contracting actuators 1 and 2, (c)
integration of contracting actuator 3, and behavior when contracting actuator
1 (d), 2 (e), and 3 (f) is active and behavior when expanding actuators are
integrated while contracting actuators 1 (g), 2 (h) and 3 (i) are active.
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Fig. 7. Conductive graphite foam-based sensor.

Displacement sensors using conductive graphite foam can
be formed by inserting two copper wires into the graphite
foam (Fig. 7). Wires are parallel to each other and placed at
the opposite ends of the foam piece. It is important to ensure
that there is no direct electric contact between two copper
wires. Thus, it is recommended to use enameled copper wires,
which ends are cleaned only on the length inside the
conductive foam.

When pressure is applied on the foam, graphite particles
inside the foam become closer and make better electric
contact, which leads to the decrease of the electric resistance.
Also, when the foam is released, its electric resistance
increases, because the graphite particles inside the foam
become more separated (distanced from each other). By using
a Wheatstone bridge, changes in electrical resistance can be
easily transformed into voltage changes.

The main problem of conductive foam-based
displacement sensors is that the displacement-electrical
resistance characteristic, of conductive foam, is highly
nonlinear and with hysteresis. These problems have been
overcome by developing the model of the conductive graphite
foam displacement sensors by utilizing machine learning, i.e.
the artificial neural network (ANN) [22][23].

In order to provide the data for training of the ANN, an
experiment was done, where a specimen of the conductive
graphite foam with dimensions 15%15x8 mm was cyclically
pressed and released (10 cycles) while displacement was
measured by inductive sensor (Fig. 8). The pressure force is
applied in the direction as shown in Fig. 8c. The data of the
displacement obtained by the inductive sensor, as well as the
data of voltage changes of the conductive graphite foam (Fig.
9) from Wheatstone bridge were stored and later used for
training the ANN. A standard feed-forward, back propagation
ANN is used to determine the displacement of the graphite
conductive foam displacement sensor when pressure is
applied to the sensor, based on measured voltage change in
Wheatstone bridge due to electric resistance change. To
provide an efficient solution, the artificial neural network has
three layers: an input layer, a single hidden layer and an output
layer (Fig. 10). As the network input variable, the voltage
change is selected, while the selected output network variable
is displacement obtained by the inductive sensor.

Fig. 8. Experimental setup (a) with graphite foam-based sensor shown in
undeformed (b) and deformed position (c).

25

Displacement [mm)]

o 05 1 1.5 2 2.5
Voltage [V]

Fig. 9. Measured results when conductive graphite foam is cyclically
pressed - graphite foam displacement with respect to the foam voltage change.

The developed ANN model was tested for the conductive
foam displacement sensors made from other conductive foam



pieces then ones used for obtaining the data for training the
ANN but formed on the same way and with same dimensions.
The test was performed by obtaining data from new
conductive foam displacement sensor using data acquisition
devise NI USB 6009, sending this data into the ANN as input
and comparing the output data from the ANN with the data
obtained by the inductive displacement sensor.

Fig. 11 shows signals from graphite conductive foam
displacement sensor transformed using developed ANN
model (white color), and inductive displacement sensor (red
color), and it shows that there is good matching between
graphite conductive foam displacement sensor and inductive
displacement sensor.

Voltage
(vl

Displacement
[mm]

Input layer
(1 neuron)

Output layer

1
Hidden layer 1 nieuron)
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Fig. 10. An artificial neural network with 1 input variable, 1 hidden layer
with 10 neurons, and 1 output variable.

Time

Fig. 11. ANN conductive foam displacement sensors model test.

VI. ADAPTIVE SOFT ROBOTIC GRIPPER FINGER WITH
INTEGRATED ACTUATORS AND SENSORS

To develop an adaptive smart gripper finger that can detect
contact with its environment, conductive foam is integrated
across the whole shape morphing or grasping surface (Fig.
12a).

Two sets of thin copper wires are integrated at six different
locations within the conductive foam to realize six sensors
(Fig. 12a). This means that gripper finger can detect pressure
and via the developed sensor model, measure displacement at
six different points at the grasping surface. The gripper finger
can detect pressure/measure displacement at any point on the
grasping surface if the sensor is formed at the desired location
of detection (by inserting two parallel copper wires).

Fig. 12b shows the corresponding virtual instrumentation
built in LabView for measuring displacement and displaying
the results when pressure is applied to all six points
respectively. Simple control algorithm (Fig. 14) is developed
here in order to show the possibilities of the developed gripper
finger. The control algorithm is such that individual sensors
on the grasping surface activate corresponding nitinol
actuators.

Fig. 13 shows the behavior of the adaptive gripper finger
when pressure is applied to the grasping surface. Every sensor
is pressed separately to activate the corresponding actuator.

By measuring the displacement from the sensors when
gripper comes into contact with objects of unknown shape, it
is possible to develop much more complex control algorithm

that would provide gripper with ability to realize appropriate
shape morphing i.e. grasping pattern.

b)

Fig. 12. a) Conducive foam integration in gripper finger and forming of
sensors; b) virtual instrumentation for foam sensors behavior tracking.

Fig. 13. Behavior of gripper finger with integrated nitinol actuators, foam
sensors and control algorithm: a) activation of contracting actuator 1 by
detecting contact in point S1; b) activation of actuator 2 by detecting contact
in point S3; c) activation of actuator 3 by detecting contact in point S6;
d) activation of expanding actuator 1b, by detecting contact in point S2.
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Fig. 14. a) Control algorithm for adaptive gripper finger with integrated
nitinol actuators and conductive foam-based sensors; b) corresponding virtual
instrumentation.

The results show that the developed adaptive gripper
finger with integrated nitinol wire actuators and conductive
foam sensors can realize controllable shape morphing, i.e.
multiple shapes of its grasping surface, autonomously
adapting according to the implemented control algorithm.

VIIL

In this paper, the novel smart active and compliant robotic
gripper is presented. Results including design, modeling,
experimental investigations and control are shown.

CONCLUSION

The concept of the two-finger gripper is introduced and
FEM results of gripper behavior are presented. Further, it
is demonstrated that by integrating the SMA nitinol wire
actuators within the compliant structure, it is possible to
develop a gripper that can achieve multiple shapes of its
grasping surface, i.e. system gains the property of structural
adaptability. By integrating sensors formed of conductive
foam the gripper can detect contacts with objects. Also, by
using an appropriate control algorithm gripper system based
on the signals from the sensors can decide which actuator to
activate to achieve appropriate shape morphing and adapt to
the unknown objects.

In this paper, simple on/off control of the SMA actuators
is presented, while controlling the stroke of the
actuators could be explored in the future. The functional
model of one gripper finger was introduced, while the full
realization of two-finger gripper porotype, object
grasping and a wider range of possible applications remain
to be further investigated in future work.
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