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Abstract
Bending and elongation have been some of the most studied motions in soft actuators due to the variety of their appli-
cations. For that matter, multi-DOF actuators have been developed with the purpose to generate different movements
in a single actuator, mainly bending.
However, these actuators are still limited in mobility range, and some of them do not perform continuous curvatures.
This paper presents the design, characterisation and implementations of a multi-DOF soft pneumatic module. The
internal structure of the proposed module is composed of four channels, which generate bending in several direc-
tions. The finite element method analysis demonstrates that the actuator performs continuous curvatures for different
pressure values. We present a repeatable and easy manufacturing process using the casting technique, considering
the material Ecoflex 00-50; as well as the kinematic model of the actuator, taking into consideration two bending
Degrees of Freedom (DOFs). Furthermore, we performed bending characterisation for all possible combinations of
the four channels via computer vision, demonstrating a wide mobility range and performing continuous curvatures.
Additionally, we evaluated the kinematic model with characterisation data, obtaining the angular and cartesian
relationship between the pressure and continuous curvatures. On the other hand, the authors propose the design of
a modular soft manipulator based on two multi-DOF modules. The kinematic model is reported. In addition, we
implement a motion sequence in the manipulator to pick and place tasks.

1. Introduction
Soft robotics has been an emerging field in recent years, and its construction is mainly based on flexible
elements that provide numerous advantages. These flexible elements adapt to surfaces, distribute stress
over a larger volume and increase contact time, lowering the maximum impact force [1]. Therefore, soft
elements have been applied in different robotic’s areas such as locomotion [2–4], exploration [5, 6],
manipulation [7–9], medical and rehabilitation applications [10–12], among others.

In most cases, soft robots are conformed by a set of single motion soft actuators interconnected by
themselves [13], producing structures with high dimensions and impractical geometries. Generally, soft
robots are designed by actuators that generate single motion such as elongation, contracting, bending
or twisting [11, 14]. The internal structure of a single motion pneumatic actuator commonly consists of
chambers or channels [11, 15, 16].

Studying actuators with multiple motions remains a challenge due to the complexity of implementing
multiple movements in a single structure. The technique most commonly used for the development
of these multiple movement actuators is casting because it allows the manufacture of bigger actuators
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than 3D printing technology, as well as more complex geometries using elastomers. An alternative to
generating more than one motion in a single actuator is to place two actuators in an antagonistic way so
that bending can be obtained in two directions [17, 18]. However, when more motions are necessary, this
method becomes unpractical due to the complexity of joining more than two actuators. Multiple motions
soft actuators have been proposed [19–24] considering chambers or at least three independent channels,
distributed homogeneously in the body, resulting in motions of elongation and multiple bending and
performing deformations from 36◦ to less than 160◦ [19, 21–26] (depending on the angle measurement
method). The motion variation depends on the method of measurement, manufacturing material and
actuator geometry. In addition, the performed motion is related to the activation of the chamber or
channels, independently or simultaneously.

Different applications of soft robotics require a wide range of motion and multiple movements, mainly
bending and elongation. Further, multiple-DOF actuators decrease the number of interconnected actua-
tors in a robot. For example, the “dexterouse” gripper [27] could reduce the number of bending actuators
to just one with multiple movements, allowing to reduce the total weight and dimensions. Therefore,
these types of actuators increase the mobility in robotics applications [25]. Multi-motion or multi-DOF
soft actuators allow modularising, which is relevant for soft manipulators and bio-inspired soft robots.

One of the most attractive applications of the multi-DOF modules is soft manipulation. In ref. [7],
the authors presented a soft robot based on multi-DOF modules composed of three cavities. However,
they don’t approach manipulation tasks. In ref. [8], the authors presented a soft robot based on four
multi-DOF modules with different configurations. They showed the end effector positioning, but not
grasping and object manipulation.

This article presents the design, finite element method (FEM) simulations, manufacturing and char-
acterisation of a multi-DOF soft pneumatic module as well as its implementation in the development of
a soft manipulator.

The internal structure of the module consists of four channels. When those channels are pressurised
simultaneously, elongation is achieved. Furthermore, when one channel is activated independently or
two or three channels are activated synchronously, the bending motion is performed in several directions.

On the other hand, we report the manufacturing process by casting technique using the elastomer
Ecoflex 00-50 supplied by Smooth On Inc. In addition to that, the characterisation of the bending motion
is presented.

We report the kinematic model for the multi-DOF module as a function of the joint variables
(displacement length of the four pneumatic channels) considering the curvature radius.

Finally, we present the development of a soft manipulator based on two multi-DOF soft modules. We
achieved a kinematic model for a “n” number of these modules, considering the kinematic model of a
single multi-DOF soft module. We manufactured the manipulator using Ecoflex 00-50. Furthermore,
we present a manipulation motion sequence for picking and placing a rigid object.

2. Multi-DOF soft pneumatic module
2.1. Description of the module
For developing the multi-DOF soft pneumatic module, we define a simple geometry as a design require-
ment; in this way, the design, simulation and manufacturing process would be practical and efficient;
therefore, it is an attractive alternative for use in robotics applications and soft manipulators. Likewise,
it must have a wide range of mobility, as well as a length of 100–150 mm and a diameter of 40–70 mm.
Thus, the proposed module is composed of four semicircular channels denoted by Ch1, Ch2, Ch3 and Ch4

that are controlled by independent pneumatic signals. The channels are symmetrically distributed and
separated 90◦ around Z axis as shown in Fig. 1(b). The design of this soft pneumatic module proposes
to remove the material in the central part, allowing to optimise the channels’ design. The empty cen-
tral part is sealed with covers, thus containing a volume of air inside. This strategy accordingly allows
improved mobility because it reduces weight and the air contained inside works as an additional wall
that amplifies mobility. Likewise, its peculiar geometry eliminates excess material in the module, reduc-
ing its size and weight and thus improving its performance. The module’s dimensions are 47 mm wide
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Figure 1. Mutli-DOF soft pneumatic module description.

by 150 mm long, the channels’ wall thickness are 3 mm, while the wall thickness of central part has
3 mm (Fig. 1(a)). This module addresses a wide mobility range since the multi-channel structure allows
performing bending motion in several directions as well elongation motion in the longitudinal axis direc-
tion. The independent activation of Ch1 or Ch3 produces bending that could be regarded as a rotation
around X-axis, while the independent activation of Ch2 or Ch4 produces bending motion regarded as
a rotation around Y-axis as shown in Fig. 1(b). Moreover, when two or three channels are activated
simultaneously, bending motion is performed in different directions, as illustrated in Fig. 1(c). On the
other hand, the simultaneous activation of the four channels generates elongation along the Z-axis as
represented in Fig. 1(b).

The multi-channel soft pneumatic module has three DOFs: one elongation along Z-axis, represented
by l, and the other two degrees of freedom correspond to bending motion regarded as rotations around
X and Y axes, represented by β and δ, respectively, as described in Fig. 1(b).

2.2. FEM analysis
In this section, we present a FEM analysis of the multi-DOF soft module using ANSYS Workbench
software. Four cases are considered: Ch1 activation (Case 1), Ch1+Ch2 activation (Case 2), and
Ch1+Ch2+Ch3 activation (Case 3); these cases are for bending motion. Finally, Ch1+Ch2+Ch3+Ch4

activation (Case 4), this case generates linear displacement. However, it was performed a small linear
displacement of 14.75 mm; for kinematics, we despise this motion.

The FEM analysis was performed considering the Ecoflex 00-50 as the actuator’s material, which
Yeoh’s hyperelastic model was reported by ref. [28]. On the other hand, it is considered as boundary
conditions the gravity force (G) and as a restriction the actuator has a fixed support in one of its faces
(Fig. 2(a)).

For calculating the deformation angle, a coordinate system was placed on a finite element located at
a point of interest in the upper part of the actuator, as shown in Fig. 2(b)). Subsequently, it is obtained
its nodal coordinates from its initial state to its final state. In this way, we determine the actuator’s
strain-stress, reaching angles of 124.5◦, 116.7◦ and 29.36◦ when activating the channels Ch1, Ch1+Ch2,
Ch1+Ch2+Ch3, respectively. Finally, to determine the angle, the Eq. (13) and the coordinates obtained
previously are used to calculate the deformation. For more information, see Section 3.1. Kinematic
model.

2.3. Manufacturing process
This section presents the manufacturing process by using the casting technique. We used the elastomer
Ecoflex 00-50 supplied by Smooth On, Inc., which has an elongation at break of 980% and a shore
hardness of 00-50.
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Figure 2. FEM analysis, boundary conditions and the graphic of bending angle – pressure relationship
for Ch1, Ch1 + Ch2 and Ch1 + Ch2 + Ch3.

Figure 3. Description of the moulds to manufacture the soft module: (a) main moulds, (b) channel
moulds and (c) cover moulds.

As shown in Fig. 3, we design three pairs of moulds: main moulds, channel moulds and cover
moulds.

The main moulds shape the external geometry of the module (Fig. 3(a)). The length and width of
these moulds are 152 and 50 mm, respectively. The columns in the mould on the right allow it to be
assembled to the other main mould via the guideway. The guideway in both moulds avoid leaks in the
casting process and non-alignment during assembling. Furthermore, the locks keep both moulds fixed,
improving the assembly quality. The brackets permit an easy disassemble.

The channel mould illustrated in Fig. 3(b) creates the internal geometry of the module. The dimen-
sions are length = 144 mm and width = 50 mm. The pillars are attached to the upper guideways of the
main moulds, and the channel mould holders fit into the bottom guideways of the main moulds, pre-
venting material leaks. The bases on channel moulds delimit the covers’ height (5 mm). Figure 3(c)
presents the cover moulds. The mould on the left allows building the bottom cover. The mould on the
right generates the top cover and the four air intakes. The columns in both moulds keep the module fixed,
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Figure 4. Manufacturing process by casting method.

guaranteeing appropriate sealing. The assembly of the channel mould and main mould is depicted in
Fig. 4(a). In this step, the elastomer is mixed and poured into the assembled moulds. The air bubbles
are eliminated by using a vacuum degasser, and afterwards the elastomer is cured for 4 h. Subsequently,
step (a) is repeated with the other channel and main moulds (Fig. 4(b)). Later, both parts are assembled
to shape the soft module’s geometry. Again, the elastomer is cured for 4 h. In step (c), the moulds are
unmounted, obtaining the module without covers. In step (d), elastomer is poured into the mould of
the bottom cover. The bubbles are eliminated with the vacuum degasser, and the module generated in
step (c) is assembled with this mould. Now, the elastomer is cured for 2 h. In step (e), the elastomer is
poured into the mould of the top cover, generating the four air intakes and sealing the module. Here, the
elastomer is cured for 2 h. Finally, in step (f), the multi-DOF soft pneumatic module is constructed.

3. Kinematics model and actuation
3.1. Kinematics model
Since the soft pneumatic module bends continuously, we seek to drive expressions for arc parameters
(l(q), k(q), and φ(q)), which represent the length of the module, the inverse of the radius of curvature
r and the angle out-of-plane motion of the module, respectively. In function of the joint variables q =
[l1, l2, l3, l4]T which describe the lengths of four pneumatic channels as shown in Fig. 5.

For the kinematic analysis, we consider two bending DOF. The four independent channels can be
actuated with pressurised air, where the position and orientation can be controlled by programmed
pressure.

Based on the work presented in ref. [29], we will now describe the kinematic model for our multi-DOF
soft pneumatic module related to the curvature radius. According to Eq. (1) (Fig. 5(a)), the curvature
radius r measured from the module’s centre corresponds to the curvature radius for the j − th channel
(Fig. 5(a)):

rj = r − bcos(φj) (1)
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Figure 5. (a) Diagram of a bending module related to the arc parameter. (b) Diagram of the distribution
of the for channels in a single bending module, seen from top view.

Here, b denotes the distance of a channel from the centre of the module and φ specifies the angle
between the bending direction and the location of the j − th channel.

Multiplied (Eq. (1)) by the arc angle θ and remembering that l = θr and lj = θrj, the result between
the arc length of the module (l) and the arc length of the j − th channel (lj):

l = lj + θbcos(φj) (2)

Thus, it is possible to determine l(q) noting that the module’s location is related to its bending plane
φ(q) with φ1 = 0◦, φ2 = 90◦, φ3 = 180◦ and φ4 = 270◦, as shown in Fig. 5(c). Thus,

∑4
j=1 = cos(φj) = 0

l(q) = 1

4

4∑
j=1

lj (3)

l(q) = 1

4
(l1 + l2 + l3 + l4 + θb (cos(φ1) + cos(φ2) + cos(φ3)cos(φ4))) (4)

Using Eq. (2) for the channels 1 and 3, we have l = l1 + θbcos(φ1) and l = l3 + θbcos(φ3). Equating

both equations, we obtain θb = l3 − l1

cos(φ1) − cos(φ3)
. Using the same procedure for channels 2 and 4, we

compute φ(q) as shown in Eq. (5):

φ(q) = tan−1

(
l4 − l2

l3 − l1

)
(5)

To obtain the module’s curvature k(q), we have θ = kl = lj

rj

and rj = lj

kl
=, combining with (1)

k = l − lj

lbcosφj

(6)

k(q) = (l1 − 3l2 + l3 + l4)
√

(l4 − l2)
2 + (l3 − l1)

2

b(l1 + l2 + l3 + l4) (l4 − l2)
(7)

On the other hand, based on the work presented in ref. [30], we will now describe the kinematic model
for our multi-DOF soft pneumatic module related to the curvature radius. According to the Fig. 6, the
plane of the bending (φ) can be found by using the projection oh the position of point C on the x–y plane
(Eq. (9)):
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Figure 6. Configuration of the constant curvature parameters and their relation to the fixed coordinate
system.

θ = cos
(

1 − (k
√

x2 + y2
)

(8)

φ = tan−1
(y

x

)
(9)

According to the Fig. 6 φ, can also be expressed as:

cos(φ) = OX

OA
= x√

x2 + y2
(10)

Likewise, the author [30] defines that the inverse of the radius (k) is

k(x, y, z) = 2
√

x2 + y2

x2 + y2 + z2
(11)

Also, recall that the arc length is l = rθ for the constant curvature (CC) assumption. If B is the centre
of curvature, then from Fig. 6 the angle θ can be expressed as:

cos(π − θ ) = BA

BC
=

√
x2 + y2 − r

r
(12)

Rearranging and replacing r by k of the Eq. (12), then θ can be expressed as is shown in Eq. (13):

θ = cos
(

1 −
(

k
√

x2 + y2
))

(13)

Since the proposed soft module generates constant curvatures with the multiple motions, the previ-
ously presented kinematic analysis was performed on the FEM analysis to determine the arc of curvature
and its angle. In this way, it can be seen in Fig. 7(a), (b) and (c) that the multi-DOF soft module generates
constant curvature when it activates Ch1, Ch1+Ch2, Ch1+Ch2+Ch3, respectively.

3.2. Characterisation of the multi-DOF soft pneumatic module
Sensors [31]–[32] and computer vision [14], [33], [34] are used in various characterisation methods.
In this section, we present the characterisation of the multiple motion soft module through computer
vision techniques. It is important to characterise the performance of soft pneumatic modules in terms of
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Figure 7. Distance A = B = r. (a) Constant curvature when activating Ch1 (θ=94◦). (b) Constant cur-
vature when activating Ch1+Ch2 (θ=145◦). (c) Constant curvature when activating Ch1+Ch2+Ch3

(θ=103.6◦).

Figure 8. Experiment assembly for module’s characterisation.

pressure, displacements (angular and linear) or the force that they can achieve to subsequently develop
a type of control related to these variables.

Figure 8 shows the experiment assembly to characterise the module’s motion. The module is fixed
to the bottom, two red circular marks were placed on the module, one on the top and the other on the
bottom. We use the camera IDS UI-3240CP-HQ 1/ 1.8”, with a resolution of 1280 × 1024 ppi at 60
fps. The marks are using as reference points to track the module and measure the movement based on
the applied pressure values. We proposed to perform six tests (T1–T6) for the characterisation of the
module motion, and the six tests were averaged. Likewise, we developed a closed-loop FUZZY pressure
control based on a piston, a cylinder, a worm gear and a stepper motor, as well as its user interface in
LabVIEW.

The presented actuator addresses a wide mobility range since bending is performed in several direc-
tions. When a single channel is activated independently, the actuator generates bending in the four axes
of Cartesian plane (X, Y). When activating two channels simultaneously, the bending is achieved in four
different quadrants, and when three channels are activated at the same time, the bending motion is also
performed in the four quadrants of Cartesian plane but with different curvature radius. Before performing
the actuator’s characterisation, three bending tests were performed to break the hysteresis [35].

We develop an application in Matlab to evaluate the bending angle at different pressure values. The
methodology to compute the arc angle consists of capturing an image when the actuator has reached the
applied pressure value. Subsequently, the image is inserted into the programme and with a tool we select
the centres of the actuator’s circular marks. In this way, Matlab obtains the coordinates of the point of

interest, and we compute the curve radius with the Eq. (14) and r = 1

k
, [22] for each coordinate of the

mark, where k is the inverse of the curvature radius r and X, Y , and Z are the position of the circle mark:

k(x, y, z) = 2
√

x2 + y2

x2 + y2 + z2
(14)
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Figure 9. Bending motion in different directions depending on the activation of: a) one channel, b) two
channels and c) three channels.

We evaluated the value k and the coordinates of the interest points (in a pressure value) in Eq. (13)
to compute θ . This process is repeated for each desired pressure value.

The bending motion characterisation is presented for the independent activation of channel 1 (Ch1),
the simultaneous activation of channels 1 and 2 (Ch1 + Ch2), and the synchronised activation of channels
1, 2 and 3 (Ch1 + Ch2 + Ch3). The distribution of the channels is shown in Fig. 1(b). The rest of the
combination has the same bending angles but in different directions, as illustrated in Fig. 1(c). Figure 9
illustrates the mobility of the actuator in different direction according to the activation of the channel:
(a) activation of a single channel, (b) synchronous activation of two channels and (c) simultaneous
activation of three channels.

Figure 10(a) shows the graphics for the bending angle (◦) vs pressure (kPa) related to the characteri-
sation for Ch1, Ch1 + Ch2 and Ch1 + Ch2 + Ch3. In addition, we obtained a maximum angle of 123.95◦

at 10.19kPa when Ch1 is activated independently. For the simultaneous activation of Ch1 and Ch2, the
resulting bending angle was 115◦ for a pressure value of 9.32kPa; we achieved a bending angle of 28.91◦

by applying a pressure of 9.04kPa when activating the Ch1 + Ch2 + Ch3, simultaneously.
Furthermore, the graphic in Fig. 10(b) shows different views of the angular and Cartesian relationship

when are pressurised channels Ch1 (right) and Ch2 (left) independently. Likewise, Fig. 10(c) shows the
angular trajectory and Cartesian relationship when we simultaneously activate channels Ch1 + Ch2

(right) and channels Ch2 + Ch3 (left).

4. Soft manipulator
4.1. Soft manipulator description and kinematics analysis
In order to demonstrate the impact of the proposed soft module, we developed a soft manipulator man-
ufactured with the elastomer Ecoflex 00-50, one of the most commonly used materials in soft robotics.
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Figure 10. Bending–angle vs pressure relationship for the activation of channels Ch1, Ch1+Ch2 y
Ch1+Ch2+Ch3.

Figure 11. Description of the soft manipulator. a) CAD design. b) Manufactured soft manipulator.

The proposed manipulator consists of three completely soft elements, as shown in Fig. 11, two bending
modules, and a soft gripper as end effector.

The length of modules one and two is 123 and 78 mm, respectively. Both modules have a width of
47 mm. The end effector consists of three fingers spaced at 120◦. Through a single channel, it can open
or close the fingers. Each one is designed with four chambers with a length of 65 mm and a height of
19 mm as shown in Fig. 12(a). For the manufacturing of the soft manipulator shown in Fig. 12(b), we
assembled both models and the gripper by using the bonding method [36]. This method allows fusing
two or more elements simply by first adding a thin layer of uncured material, similar to glue, and then
finishing the curing process, the pieces accordingly stick together.

The robot has two non-deformable or “death-sections” due to the manufacturing process. The eight
independent channels can be actuated with compressed air, where the position and orientation can be
controlled by programmed pressure.
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Figure 12. Morphology of the bending modules and the end effector.

Figure 13. Kinematics modelling: (a) Diagram of transform of the i − th module position parameters
(Xi, Yi, Zi) using length parameters (li) via arc parameters (ki, φi, θi). (b) General kinematics model for
a single bending module related to the curvature k.

The proposed soft manipulator is shaped by two modules which bend continuously. Previous studies
[29, 37] have already shown how to solve the forward transformation. The kinematic modelling describes
the transformation from the channel’s length (lij) to the coordinate of the end of the soft manipulator
(Xn, Yn, Zn), where i and j represent the segment and channel, respectively (see Fig. 13(a)). Furthermore,
Fig. 13(b) presents the general kinematics model for a single bending module, where ri represents the
curvature radius while li is the arc length of the i − th channel.

Based on the work presented in ref. [29], we assume: (a) the curvature rate is constant in both bending
module while the non-deformable section presents a line; (b) the channels of each bending segment are
parallel, and the cross sections are equal in the same module; (c) the soft manipulator is analysed without
gravity forces and load.

Taking into account those assumptions, we managed to simplify the soft manipulator kinematics as
independently controlled constant curves. Figure 13(a) shows the transformation between n bending
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Figure 14. Sequence images of a pick and place task.

modules. Q0 is the base static coordinate system, while Qis and Qi� represent the end of a bending
module and a death section in the i − th module.

Considering all the modules are actuated in the same way and the kinematics model of a single
bending module derived in the previous section, we can figure out the transformation in a single module.
The translation of the ith bending module regarded to curvature ln can be represented as a rotation around
the Y-axis with curvature angle θi. Rotation around the Z-axis is represented by ϕi as shown in Fig. 5. We
consider that the X-axis points to the centre of the circle and that the Z-axis coincides with the tangent
of the circle. Thus, multiplying the homogeneous matrix (which is constituted by a matrix of rotation
and position) with the rotation matrix R(φi) and zero translation, we obtain the transformation matrix
for one bending soft module:

Ti−1�
is =

⎡
⎢⎢⎢⎢⎣

c2φicθi + s2φi cφisφi(cθi − 1) cφisθi rcφi(1 − cθi)

cφisφi(cθi − 1) s2φicθi + c2φi sφisθi rsφi(1 − cθi)

−cφisθi −sφisθi cφi rsθi

0 0 0 1

⎤
⎥⎥⎥⎥⎦ (15)

The death module’s transformation matrix is represented by Eq. (16), where dsi is the length of the
death section of the ith bending module.

Tis
i+1� =

⎡
⎢⎢⎢⎢⎣

1 0 0 0

0 1 0 0

0 0 1 dsi

0 0 0 1

⎤
⎥⎥⎥⎥⎦ (16)
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From the combination of n bending modules and death sections, we can deduce the transformation
for the soft manipulator as is described in Eq. (17):

T0
2� = T0

1s · T1s
1� · T1�

2s · T2s
2� (17)

4.2. Motion sequence for the soft manipulator
We performed a motion sequence to pick an object from point A and place it at point B. The eight
independent channels are controlled (in open loop) by programmed pressure signals.

The manipulation sequence starts at the rest position, as shown in Fig. 14(a). In this position, the
robot is posed over the object. Thus, the soft gripper is activated and holds the object, as illustrated in
Fig. 14(b). Afterwards, the orientation of the soft manipulator is controlled by pressurising one channel
in each bending module, keeping the gripper activated. The activation of channel 1 (Ch1) of bending
module 2, followed by the pressurisation of channel 4 (Ch4) of bending module 1, results in the manipu-
lator being positioned over the B point, as shown in Fig. 14(c) & (d). When the manipulator is located, the
gripper is depressurised and the object is placed, as illustrated in Fig. 14(e). Finally, the soft manipulator
returns to its rest position (Fig. 14(f)).

5. Conclusion
In this article, we reported the design, FEM simulations, fabrication, kinematic model and characteri-
sation of a multi-DOF soft pneumatic module that achieves bending in several directions.

Through FEM simulations, we demonstrated the wide range of motion of the module, such as
continuous curvatures, using the Ecoflex 00-50 material.

The authors propose to divide the manufacturing process into different steps. For this, we presented
a detailed design of the moulds for the casting technique, resulting in an easy and practical fabrication
process and a module of excellent quality. In contrast, other studies have shown complex fabrication
processes and post-manufacturing steps, such as fibre reinforcement.

Moreover, we implemented a FUZZY control to activate the channels of the soft module in different
combinations. We presented the characterisation of the bending motion via computer vision. Likewise,
the maximum bending angles are 123.9◦, 115◦ and 28.91◦ when a single channel is activated indepen-
dently and when two or three channels are activated simultaneously, obtaining deformation values in the
range of previously reported modules [19, 21–25]. Thus, the module exhibits excellent mobility.

The geometry of the module achieves continuous curvatures, since the multi-DOF soft module does
not present squishing in the centre of the arc, as demonstrated in Section 3.1. Furthermore, the module
exhibits high dexterity; it can accomplish different curvatures radius according to the activated channels,
reaching several points in the workspace.

We derived a kinematic model for the multi-DOF soft module, which evaluates the data obtained
during the characterisation of bending motion for several pressure values. We presented the angular and
Cartesian relationship of different pressure values for the activation of the module channels.

Due to the mobility of the multi-DOF soft module, it competes directly with the performance of the
previously reported multi-motion modules, highlighting that the module design optimises the material
amount since the design allows eliminating the excess material, reducing costs and weight, as well as
improving the performance of the module, contrary to other authors who propose modules designed by
cylindrical geometries filled with an excess of material, compromising their mobility. The semicircular
geometry of the four channels facilitates the simulation and the manufacturing process, as opposed to
using the combination of chambers and channels or reinforcing fibres. The channel distribution increases
the range of mobility compared to those modules with only three.

Additionally, we proposed a modular soft manipulator based on two multi-DOF soft modules, con-
sidering only bending motions. The kinematic model was carried out, considering arc parameters for
n-modules, taking into account the kinematic model of a single module.
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This soft robot was manufactured using Ecoflex-0050, one of the most reported materials in soft
robotics applications. This material has an elongation at break of 980%, presenting high deformations.

Through the soft manipulator, we demonstrated the potential of the multi-DOF soft module. The
robot performs picking and placing tasks, unlike other authors who only present experimentation of
mobility, [7, 8]. On the other hand, the soft manipulator releases high deformations in the radial direction
due to its low shore hardness and elevated elongation at break. In this sense, oscillations can occur
during the motion. However, a single multi-DOF soft module presents good performance while moving.
In future work, taking into account the experimental data obtained in this research, a mathematical
approach to define trajectories will be proposed to describe different profile motions, such as developing
the experimental dynamic model to estimate load capabilities in diverse positions. As well as, develop the
mathematical model of the module that expresses the pressure as a function of the angle of deformation.
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