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Abstract This work presents an approach to integrate actuators, sensors, and
structural components into a single product that is 3D printed using Selective Laser
Sintering. The behavior of actuators, sensors, and structural components is cus-
tomized to desired functions within the product. Our approach is demonstrated by
the realization of human-like behavior in a 3D-printed soft robotic hand. This work
describes the first steps towards creating the desired behavior by means of modeling
specific volumes within the product using Additive Manufacturing. Our work
shows that it is not necessary to limit the design of a soft robotic product to only
integrating off-the-shelf components but instead we deeply embedded the design of
the required behavior in the process of designing the actuators, sensors, and
structural components.

1 Introduction

Pneumatic actuation is one of the two most used actuation techniques in soft robots
[10]. This type of actuation is often realized through the inflation of channels in
elastic material. These actuators are promising in soft robotics since (1) they are
under-actuated and compliant, (2) they can be free of internal electronics and
electric components, and (3) their performance can be tuned through the mor-
phology of the actuated segment [3, 6, 7]. This provides a significant benefit in
applications such as soft pneumatic hands [1], orthotics [9] and locomotion [11].

Previous researchers mainly used molding techniques to fabricate silicone soft
robots [7, 11, 13]. However, the constraints of the molding processes limit the
design freedom. As a result, in existing approaches actuators are usually oriented in
the same plane or fabricated separately and later assembled into a functional
structure. Additive Manufacturing (AM), or 3D printing, is a collection of digital
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fabrication processes that build up objects by adding material layer upon layer. AM
has been used to integrate multiple actuators [5, 8] or air pressure sensors [12] with
structural components. In literature, an advanced design method was developed to
design the deformation elasticity of structures fabricated by AM [5]. Nevertheless,
little attention was paid to the methodology of customizing the behavior of each
specific actuator and sensor within a soft robotic product.

This work presents a case study in which multiple air pressure actuators, sensors,
and structural components are integrated in a single body product using the AM
process Selective Laser Sintering (SLS). To show the possibility of designing
human-like behavior, an interactive setup was made realizing a handshake between
a user and the hand. The air pressure-based robotic hand comprises eight actuators
and two sensors without any internal electronics. The hand measures the force that
is exerted upon it and squeezes back accordingly, adapting itself to the user’s
grip. For each part of the hand, the behavior was customized based on a given
volume and function. The main technical contribution of this work is the integration
of air pressure actuators, air pressure sensors and structural components that are
designed for the desired behavior of this specific volume within the product.

2 Design of Soft Robotic Hand

We simplified the complexity of the human hand and subdivided it into parts with a
specific function as actuator or sensor. The carpometacarpal joint of the thumb is
fixed in a position suitable for shaking hands. The design of our soft robotic hand
consists of four different parts (see Fig. 1 for an illustration), including (1) bending
actuators, (2) a rotational actuator, (3) a bidirectional actuator, and (4) sensing air
chambers, all shown and discussed below. They are designed to mimic the behavior
of a human’s hand.

Fig. 1 An illustration of different parts used in our design—from left to right, a bending actuators,
b rotational actuator, c bidirectional actuator and d sensing air chambers
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2.1 Bending Actuators

The principle of a pneumatic bending actuator is based on pressurizing an
air-chamber formed by an inextensible bottom layer and an extensible top layer (see
also Fig. 1a). The bending range can be improved by creating a more S-shaped
curve of the bellow, whereas the exerted force at a given position can be improved
by increasing the bellow’s stiffness [3]. This principle was used to create the
difference in behavior between the fingers and thumb. Given a designed model and
fabrication constraints, the following properties influenced the design process of
bending actuators; we need (1) a minimum bending range of 90° of the thumb (the
angle measured on tip orientation) at a pressure of less than 400 kPa, (2) a mini-
mum bending range of 180° of the other fingers, to be achieved with the same
pressure, (3) to maximize the exerted force of the thumb bellow, and (4) to mini-
mize the radial expansion of the bellows.

2.2 Rotational Actuator

The principle of this rotational actuator was inspired by the elephant’s trunk. The
elephant has helical muscles in its trunk that, when contracted, cause rotation of the
trunk [4]. This principle can be mimicked by sweeping a radially expanding bellow
over a helical path (see Fig. 1b). Here, the design process is influenced by the
following demands on properties; we need to (1) maximize the radial expansion of
the bellow upon inflation, (2) minimize the lateral expansion of the bellow upon
inflation, (3) maximize the structure’s bending and axial stiffness, (4) minimize its
rotational stiffness, (5) at least 45° of pronation to be achieved with at most 400 kPa
pressure. Our design consists of a bellow swept over a helical path of 0.4 revolu-
tions over a height of 70 mm. The bellow is encapsulated between two segments of
an X-profile, and the actuator has a diameter of 50 mm.

2.3 Bidirectional Actuator

Two bending actuators that share an inextensible layer were used to mimic the
antagonistic setup of a bidirectional actuator. Pressurizing one of the two bellows can
be used to create palmar or dorsal flexion. Pressurizing both air chambers will inflate
the bellows and therefore enhance the palmar and dorsal stiffness of the wrist. The
following factors are considered in our design of the bidirectional actuator; we need to
(1) minimize the palmar and dorsal bending stiffness, (2) maximize the radial and
ulnar bending stiffness, (3) maximize the axial and rotational stiffness, (4) achieve
minimal palmar flexion of 45° within 400 kPa pressure, (5) obtain minimal dorsal
flexion of 45° with the same pressure, (6) maximize the bending stiffness upon
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pressurization of both actuators. Our design can be found in Fig. 1c. To increase the
radial and ulnar bending stiffness, the inextensible layer of the double bellow is
designed rectangular instead of following the curves of the bellows. The shape of the
bellows is extensively curved to ensure self-collision to create extra stiffness when
inflated. The actuator has a diameter of 50 mm and an effective height of 70 mm.

2.4 Sensing Air Chambers

The principle of our sensor was inspired by the work of [12]. Squeezing an air
chamber results in an increase in air pressure, which can be measured externally
from the hand. Our design incorporates the following considerations; we need to
(1) mimic compliance of a human hand at contact areas, (2) provide a connection
structure between fingers, thumb and wrist, and (3) minimize the air volume to
maximize the sensitivity. Our design is shown in Fig. 1d. It essentially shows the
palm of the hand as base to connect wrist and thumb and two extensions of the palm
at which the finger-set is attached. See also Fig. 3. If these extensions are squeezed
towards each other they output air pressure that can be measured and electronically
processed by our control system.

2.5 Pneumatic Control System

A Freescale MP3V5010 sensor with a range of 0–10 kPa was used to measure the
change of air pressure in both air chambers of the hand palm when people shake our
soft-robotic hand. The sensed signal is then mapped to a 0–400 kPa pressure using
a Festo VPPE-3-1-1/8-6-010-E1 proportional pressure regulator to control the
gripping force of the thumb and fingers. The bidirectional and torsional actuator are
manually controlled using a 3/2 valve and a pressure of 100 kPa.

3 Design for Manufacturing

The final design was fabricated on an SLS machine by Materialise [www.
materialise.com] using the flexible polyurethane-like TPU92A-1 material. It took
12.5 h to print our soft robotic hand. While designing the hand, the following
manufacturing factors were considered:

• Wall thicknesses: A minimum wall thickness of 1 mm was used to prevent
leakages, whereas the maximum wall thickness was limited to 10 mm to prevent
excessive warping.
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• Removal of unused material: For each air chamber, an aperture with a diameter
of at least 10 mm was required to remove the unused material. The powder was
removed by inserting a flexible cable through this aperture. This cable was
guided to the end of the air chamber through its internal geometry. Therefore, all
sharp edges inside the air chamber were smoothened and branched air chambers
were not possible. This means every finger needed to have a separate opening
for airflow.

• Fittings: The apertures for the removal of support material were used to insert
G1/4 threaded push-in fittings. Therefore, the aperture diameter was determined
to be 10.5 mm and the depth at least 10 mm. Because of the flexibility of the
material, the apertures were surrounded by a minimum wall thickness of 5 mm
to create a secure connection with the fitting.

4 Results

In our design practice, various separate bending actuators of the same length and
number of bellows but different shape of bellows were prototyped to find a good
design for the thumb and fingers. Figure 2a shows the performance of the designs
that were later implemented in the hand. For both bellow designs, the horizontal
force was measured in the setup as shown in Fig. 2b. When supplying a pressure
with 400 kPa, the exerted force of the thumb bellow was 7.6 N, whereas the finger
bellow exerted a force of 1.8 N. The bidirectional actuator shows a bending angle
of 45° when a pressure of 90 kPa is applied to one of the bellows (angle measured

Fig. 2 a Displacement of thumb design (blue) and finger design (red), b setup for measuring the
force of the bending actuators and c setup for measuring the stiffness of the wrist
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at top orientation). The stiffness of the wrist was measured using the setup as shown
in Fig. 2c. A 0.8 N force was needed for a 40 mm displacement of the passive
wrist, whereas a 2.9 N force was needed for the same displacement upon pres-
surization of the bellows at 400 kPa. The rotational actuator achieved a 45°
pronation at a pressure of 60 kPa.

The final design of our soft robotic hand by integrating all these actuators,
sensors and structures can be found in Fig. 3.

5 Conclusions and Future Work

This work shows that the design of a set of behaviors in soft-robotic products does
not have to be limited to making use of existing components. In fact, these
behaviors can be deeply embedded in the integral design of a robot’s actuators,
sensors and structures. We showed that it is possible to design bending actuators,
rotational actuators, bidirectional actuators, and sensing air chambers using
mono-material SLS, and create a robotic hand with it for the purpose of
human-machine interfacing, in this case for interactively shaking hands.

Since the hand was created using mono-material AM, the design freedom was
limited because differences in extensibility had to be created through designing the
shape of the bellow’s walls. In contrast, when using multi-material in AM, relative
differences in behavior can also be created through compositions of complex
structures of both rigid and soft materials. Thereby, a desired behavior could be
addressed more easily—see [2] for an example.
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