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Abstract: In soft robotics, the most used actuators are soft pneumatic actuators because of their
simplicity, cost-effectiveness, and safety. However, pneumatic actuation is also disadvantageous
because of the strong non-linearities associated with using a compressible fluid. The identification of
analytical models is often complex, and finite element analyses are preferred to evaluate deformation
and tension states, which are computationally onerous. Alternatively, artificial intelligence algorithms
can be used to follow model-free and data-driven approaches to avoid modeling complexity. In
this work, however, the response surface methodology was adopted to identify a predictive model
of the bending angle for soft pneumatic joints through geometric and functional parameters. The
factorial plan was scheduled based on the design of the experiment, minimizing the number of tests
needed and saving materials and time. Finally, a bio-inspired application of the identified model
is proposed by designing the soft joints and making an actuator that replicates the movements of
the scorpion’s tail in the attack position. The model was validated with two external reinforcements
to achieve the same final deformation at different feeding pressures. The average absolute errors
between predicted and experimental bending angles for I and II reinforcement allowed the identified
model to be verified.

Keywords: bio-inspiration; design of experiment; response surface methodology; soft pneumatic
actuator; soft robotics

1. Introduction

Collaborative [1] and soft robotics [2] are some of the new frontiers of robotics. The
first one expects a shared workspace in the human-robot interaction using appropriately
sense-directed collaborative robots (cobots) to limit damage in case of collisions with
human operators. To improve and make human-robot interaction safer, cobots are often
integrated with path planning and collision avoidance algorithms [3,4]. Moreover, it is
possible to change the robot’s trajectory according to the operator’s movements or at levels
of attention [5] without stopping the robot and avoiding unnecessary downtime. Soft
robotics has attracted considerable interest in the robotics community due to the versatility
and adaptability of soft actuators, even in unstructured environments [6]. The use of
soft and easily deformable materials [7] allows the realization of actuators [8] and bio-
inspired epithelial tissues [9]. The first ones can be adopted as gripping devices for delicate
objects [10] and as bio-inspired sustaining limbs [11,12]. Soft actuators have also been
adopted as end-effectors of cobots [13] to improve their safety.

Pneumatic actuation is the most used, as evidenced by the widespread use of de-
formable soft pneumatic actuators (SPAs). Specifically, compressed air ensures simplicity,
cost-effectiveness, and safety. The deformation of these actuators can be guided by geo-
metric asymmetries [14,15] or external reinforcement [16-18]. They are often employed
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in gripping systems inspired by single human fingers [19] or whole anthropomorphic
hands [20]. However, using a compressible fluid also involves non-linearities that compli-
cate the identification of analytical models [21]. These difficulties are also due to slippage
between reinforcement and silicone tubing, friction, or the visco-elastic behavior of the
rubbers themselves.

The solution is to employ software for finite element analyses (FEAs) to simulate their
behavior and evaluate deformation and tension states. It is possible to run static structural
simulations [22], with constant and uniform application of pressure to the surfaces, or
transient simulations with fluid-structure interaction that are more accurate but also
computationally more onerous [23]. Regardless of the type of approach, a calculator is
required, and the time is consistent.

An alternative is machine learning algorithms [24] that allow a model-free approach
by creating correlations between given stimuli (input) and observed effects (output) [25].
According to this data-driven strategy, predicting the output based on new inputs not
employed in the training phase will be possible. Despite the potential of these techniques,
there is still a need for performance calculators and appropriately constructed datasets.

Another possible strategy is the response surface methodology (RSM) [26]. It expects
a design of experiment (DOE) for tests to be performed, the so-called factorial plan. A
predictive model is identified by testing, measuring, and analyzing the responses (output
of interest). It is possible to choose the number and type of tests to set the order of the
model, whether multi-linear or higher. RSM enables not only the identification of a model
but also the quantification of the effects of the chosen factors and their hidden interactions.
It also makes it possible to reduce the number of factors by considering only the significant
ones and neglecting the less important ones. All is done with a targeted testing campaign
to limit the use of material and time resources.

This work presents the design methodology based on RSM, the achievement of a
design-predictive model, and the prototyping and characterization of a novel externally
underactuated reinforced SPA with the model validation. The actuator is made of an inner
tube in silicone rubber and an external reinforcement in thermoplastic polyurethane (TPU),
whose joints are obtained by 3D-printed cuts. In detail, the work presents the identification
of a predictive model of the bending angle of soft pneumatic joints using RSM. Initially,
the planning of tests to be performed with DOE is described, and then how to analyze its
response. Finally, a bio-inspired application is reported for the validation of the model.
Specifically, a tail of the scorpion species Heterometrus laoticus, known as the Giant Forest
Scorpion, is analyzed and reproduced. The model was used to identify the functional and
geometric parameters to design the joints of two external reinforcements to replicate its
kinematic in the attack position. Although the proposed device is underactuated, the choice
of this tail is due to its anatomy and the high number of degrees of freedom, which make it
interesting to realize a multi-joint soft prototype.

The following items represent the originality of the work:

e the conceptualization of a novel multi-joint underactuated SPA made of a 3D-printed
external reinforcement in TPU;

e the use of the RSM and its description to identify a predictive model of the joint
bending angle, according to the chosen functional and geometric factors, to minimize
materials and time employed;

e quantification of the effects of each of the chosen factors and their interactions on the
bending angle;

e abio-inspired application to design the soft joints of two different reinforcements to
replicate the same configuration of the scorpion’s tail in the attack position, using the
identified predictive model.

Section 2 presents the SPA design and manufacturing process. In Section 3, the RSM for
evaluating the predictive model is discussed. Section 4 describes the bioinspired scorpion
tail SPA and the experimental validation of the proposed model. Section 5 concludes
the article.
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2. Materials and Methods

The conceived SPA was made of a silicone rubber inner tube, an external TPU reinforce-
ment, a PLA connector, an M5 pneumatic fitting, and a plastic clamp. The reinforcement
has a hollow cylindrical geometry with one or more joints realized by cuts. A joint is made
by one or more cuts that guide the deformation of the inner tube when it is pressurized.
Between two consecutive cuts, there is a full ring of reinforcement. As shown in Figure 1a,
the first cut is necessary to apply the plastic clamp to grip the silicone tube on the connector
and the gauze itself on the tube. Instead, the hole circled in green only facilitates mounting
the reinforcement on the tube.

Full rings

Cut for

Cuts to create
geometric
asymmetry

(a)
Segment
|

r |
Closed sector + Open sector

Higher bending
stiffness

(b) (d)

Figure 1. Details about SPA: (a) external reinforcement with the cuts to create asymmetric geometry

(red arrows), full rings (orange arrows), and the hole (green circle); (b) cross-section of an example
of bending when the inner tube is pressurized and the deformation along an open sector; (c) most
influential factors on bending angle; (d) cross-section of the SPA with its constructive dimensions.

The cut with the following ring of material creates a segment, and more cuts introduce
geometric asymmetry of the reinforcement since they are characterized by a length and an
angular development, as shown in Figure 1b. Such an asymmetry causes the bending of
the SPA. Indeed, the lower side of the reinforcement, indicated in the same figure, shows
higher stiffness and thus prevents longitudinal elongation, while the diametrically opposite
side of the cuts elongates more.

The most influential factors of the SPA are the feeding pressure (P), the length of
the segment (L), the ratio (R) between the open sector length (Lo) and the total length
of the segment (L), and the angular closure of the cut (), just as is demonstrated in
previous work [10]. In Figure 1c, the main geometric factors of the reinforcement are shown;
Figure 1d reports the construction dimensions of the SPA.

Each combination of these factors results in different SPA bending angle behaviors.
The latter, in addition to the previously presented non-linearities, make the mechanical
design of the actuator difficult. An RSM was used to identify a predictive model and
minimize the material and time required. Therefore, a single inner tube with different outer
reinforcements was made to evaluate the influence of various parameters on the bending
angle. In the following, a description of how the SPA components were made is reported.
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The external reinforcement in Figure 2a was prototyped in TPU by a Qidi i-fast 3D
printer. The geometry was created in Solid Edge 2024 and then exported to Qidi print
slicing software to set the printing parameters. A low printing speed of 40 mm/s and
an inner and outer wall speed of 20 mm/s were used with an extruder temperature of
220 °C to avoid warping. The filling percentage was set at 100% according to a concentric
configuration. The outer diameter, inner diameter, and reinforcement thickness were set to
28, 24, and 2 mm, respectively. These dimensions ensure strength and assembly with slight
interference with the inner tube. The reinforcement has six segments in the central part.
Each reinforcement sector has a length, L, equal to the sum of the lengths of the open (Lo)
and closed (L¢) sectors.

W)
)

| . (5)
@

(a) (b)

Figure 2. SPA prototype: (a) overall set of the components (1) external reinforcement; (2) inner tube;
(3) pneumatic fitting M5; (4) connector; (5) plastic clamp; (b) assembled configuration.

Thus, it results in:
L= LO + LC (1)

The open sector to total segment length ratio is defined as segment ratio, R.

_Lo
R==2 @)

Once L and R are fixed, it then results in
Lo=R-L (3)

Lc=(1-R)-L (@)

Specifically, each cut part of the sector is characterized by a closure angle, ®. The latter
represents the angular development of the TPU closure part of the sector. Indeed, to limit
stresses during deformation of the SPA, radii of 0.5 mm were provided at each bottom of
the cuts.

The silicone rubber inner tube was injected into a 3D-printed PLA mold. The silicone
rubber, after carefully mixing parts A (base) and B (catalyst) of R PRO20 silicone rubber in a
1:1 ratio, was cooled to delay solidification and placed under a vacuum pump (MILLIPORE
XF54 230 5, Merck Millipore, Darmstadt, Germany) for air bubble removal; then, it was
poured out into the rear chamber of a FESTO DNU63-80PPV-A double-acting cylinder.
A lead-screw system mounted in correspondence with the front chamber of the cylinder
pushed the piston. It ensures the dosage of the silicone rubber and corresponding flow
regularization inside the molds to limit air inclusions. After 3 h at 20 °C, the silicone
rubber solidified, removing the prototype from the mold. The operation concluded with
the extraction of the core and removal of the silicone burrs. One end of the inner tube was
closed; the other was opened to assemble the connector with the air fitting. The inner tube had
an external diameter, a length, and a wall thickness equal to 24, 115, and 3 mm, respectively.
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The connector for the air inlet/outlet was printed by a 1.75 mm wire diameter of PLA
with a layer height of 0.2 mm, a 100% infill, a printing speed of 100 mm/s, an extruder
temperature of 210 °C, and the printing plate temperature constant at 60 °C. After inserting
the connector, a plastic clamp must be externally applied in correspondence with the
undercut to engage in the prominence inside the silicone finger. Finally, an M12 male
thread was used for mounting the SPA on a support, and an M5 female thread was used
for pneumatic fitting.

An example of the assembled SPA prototype is shown in Figure 2b.

3. Response Surface Methodology

The RSM is a scientific and statistical method for planning, conducting, and analyz-
ing a campaign of experiments [26]. The main advantages of such a methodology are
efficiency, minimizing the number of experiments to be performed; reliability, ensuring
concrete and reproducible results; optimization, allowing the response under study to be
maximized or minimized; quantification of hidden effects and interactions between factors
on the response; and finally, identification of a predictive model of dependent variables by
manipulating the independent variables.

In this work, the RSM was employed to study the bending angle response of the
joint of the designed SPA. The chosen functional and geometric factors and their low
and high values are shown in Table 1. Specifically, the following were identified as the
most significant parameters: Feeding Pressure (P), Sector Length (L), Ratio Open-Total
(R), and Closing Angle (®). However, this methodology allows additional factors not
inijtially considered (such as payload) to be considered by integrating with further tests, as
explained below.

Table 1. Functional and geometrical factors with their low and high values.

Symbol Name Values Units
p Feeding Pressure Oand 1.4 bar
L Sector Length 5and 10 mm
R Ratio Open-Total 0.35 and 0.65 -
Q] Closing Angle 50 and 120 °

The SPA works only with positive pressure values. Indeed, under negative pressure
values, the inner tube retracts and loses contact with the reinforcement. Still, the tube must
expand, and only then can the external reinforcement drive its deformation toward the
direction of higher bending stiffness.

At this point, the design of the testing campaign, i.e., the factorial plan, is necessary.
DOE is particularly useful when it is desired to examine the behavior of a system concerning
independent variables in a specific range [26]. Concerning Equation (5), the number of tests
Ntests to be performed is equal to the number of factor levels 1, (generally two: low and
high) raised by the number of chosen factors 7,

Ntests = nlivnfut )

The designed plan, made of 16 tests relating to four factors with two levels, is shown
in Table 2. Both coded (CVs) and uncoded (UVs) values are reported. Regardless of effect
values, CVs set the low value at —1 and the high value at +1. Conversely, the UVs are
relative to the values of nominal factors, e.g., the effective pressure or the effective segment
length. The advantage of switching to CVs is due to the possibility of identifying the
relative impact of factors by comparing the factor effects. Indeed, the equation in terms
of CVs can be used to predict the response for given levels of each factor. It is possible to
move from CV to UV for a generic factor x by the following expression:

x=x(X—x_)+7% (6)
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Table 2. CVs and UVs of the adopted factorial plan.
Ccv uv
N. v ] v g P [bar] L [mm] R[] O]
1 -1 -1 -1 -1 0.0 5 0.35 50
2 +1 -1 -1 -1 1.4 5 0.35 50
3 -1 +1 -1 -1 0.0 10 0.35 50
4 +1 +1 -1 -1 1.4 10 0.35 50
5 -1 -1 +1 -1 0.0 5 0.65 50
6 +1 -1 +1 -1 1.4 5 0.65 50
7 -1 +1 +1 -1 0.0 10 0.65 50
8 +1 +1 +1 -1 1.4 10 0.65 50
9 -1 -1 -1 +1 0.0 5 0.35 120
10 +1 -1 -1 +1 1.4 5 0.35 120
11 -1 +1 -1 +1 0.0 10 0.35 120
12 +1 +1 -1 +1 1.4 10 0.35 120
13 -1 -1 +1 +1 0.0 5 0.65 120
14 +1 -1 +1 +1 1.4 5 0.65 120
15 -1 +1 +1 +1 0.0 10 0.65 120
16 +1 +1 +1 +1 1.4 10 0.65 120
17 0 0 0 0 0.7 7.5 0.5 85

On the other hand, it is possible to make the reverse shift, from UV to CV, by Equation (7):

~ xX—Xx
X =

)

X —Xx_

where for the factor x, X is the CV, x is the average UV, x_ the low UV, and x the UV.

In Table 2, the midpoint, namely, test number 17, was added, which is used to validate
the identified model. As mentioned, this work aims to evaluate the influence of each factor
on the bending angle of the joint of the proposed SPA. DOE makes it possible to minimize
the number of tests to be performed and, consequently, the number of TPU reinforcement
geometries to be designed and printed. This saves material and time compared to con-
ducting a complete factorial plan. In addition, a predictive model of the bending angle
can be directly identified, evaluating the effects of both factors and their interactions. This
directly quantifies not only the influences of factors on response but also any interactions
that would remain hidden.

The simplest factorial plan that can be used is one that tries to fit the system response
with a multi-linear model. In this application, a model is sought that can predict the joint
bending angles with linear trends concerning each of the chosen factors. The test mode was
set for each planned trial by making the correct external TPU reinforcement or setting the
pressure value. For each test, an SPA image in the deformed configuration was captured
with a 12-Mpixel camera. The latter was placed 1 m from the SPA to limit perspective
effects. Each image was analyzed using MATLAB R2023b software to evaluate the bending
angle of the joint. Each of the latter consists of six segments, identified by the same values
of P, L, R, and ®. The bending angle chosen as the actual response of each test is the average
of the six values obtained, one for each segment. The 16 tests were re-run three times to
give statistical validity to the methodology. A total of 48 tests were performed. Test number
17 is the midpoint used as a checkpoint to verify the error between the angle predicted
by the model and the experimental bending angle. Figure 3 shows the results of the SPA
deformations for each of the tests conducted.
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P=1.4 bar
L=5 mm
R=0.35
0=120°

(10)

—~  P=0.0bar
R o
R=0.35
o=120°

a1

P=1.4 bar
L=10 mum
R=0.35
0=120°

(8) (12)

Figure 3. Deformation states of the tests performed with the UVs in Table 2.

The achieved predictive multi-linear model has the following formulation in CVs:

apre =&+ Ep-p+Epl+Eppp-l + Err + Eprpr + Epplor + Eppyop-l-r + Eg0 + Eg-p-60

+Ejg-1-0 + Epig-p-1-0 + Ergr-0+Ep9-p1-0 + Epg-l-r-0 + Eppyg-p-l-7-6 ®)

Specifically, apy. is the predicted bending angle, & is the average bending angle (10.5°)
of the sixteen performed tests, and E indicates the effects of a factor or an interaction
between them. The quantifications of the effects are reported in Figure 4a for the CVs of
the factors. The Pareto chart shows that factors P, L, and R have positive effects on the
bending angle: an increase in them increases in response. Similarly, © has a negative effect:
increasing it decreases the sector bending angle. Interactions between the factors P, L, and
R have positive effects, while those involving ® in PO, L®, and PLO have a negative effect.
However, some interactions with ©, such as R®, PLO, and PLRO, have a positive effect on
the response. These positive—negative effects for the factor @ interactions are due to the
regression methods that allow the predictive model coefficients (effects) to be calculated.
This method minimizes the error made between predicted and experimentally measured
angles in the factorial plane tests (tests from 1 to 16). P, L, and their interactions show the
highest positive effect, followed by ® with the highest negative effect. In contrast, among
the interactions, it is LR and PLR that show the lowest effect on the bending angle.

12 T — T — —— — — — 32 »
,
'../
10 28 =
7/
//
st e .
72
[
& .
B 20 12
8 6f g ;’
o <
& s 16 A
o4t o o
= =
< 12 74
et 7
=1 a
2t < ,
kel 7’
e~ 8 //
T4
.
4 4L
,
.
2 L L L L L L L L L L L L L 0/
E E E E E E E_E E E E E E

> B OB By By B, Bo By Bio B EBop Bis Boo Bus Boe 0 4 8 12 16 20 24 28 3R
Factors and their interactions Experimental Angle [°]

(@) (b)

Figure 4. DOE. (a) Pareto chart about the effects of factors and their interactions; (b) predicted angles
vs. experimental angles for the sixteen tests of the factorial plan (red) and the midpoint for the
validation (green).
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The predicted values and the experimentally measured values of the bending angles
of each test are compared in Figure 4b to evaluate the goodness of the model. The closer
the points with the predicted values as abscissa and the experimental values as ordinate are
to the bisector of the I quadrant, the better the fitting quality. In the same figure, the result
from test number 17, in green, validates the identified model. The latter refers to an average
value of all factors and is a new combination of the factors levels that was not previously
employed for the model identification. Tests were repeated three times: the average value
of the bending angle resulted in 10.85°, while the model predicted a value of 10.50°. The
absolute error of 0.35° and the relative error of 3.22% were considered acceptable.

The predictive model identified and validated with the midpoint test allows the open
and closed sectors to be designed according to the desired bending angle. Figure 5 shows
the predictive model results as a function of the P and L factors that mainly influence the
bending angle for each combination of the low, medium, and high levels of R and ®.

. 35
. 30
25
g 20
j 15
. 10
! 5
X 0

20 = 20 =
£ g
£ £
15 5 15 8
10 10
5 5
0 — 0
12 14 0.0 02 04 0.6 08 1.0 12 14 0.0 02 04 06 08 10 12 14
P [bar] P [bar]
(b) (c)
35 35 35
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25 25 25
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(e)
35 35 35
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(h) (i)

Figure 5. Bending angle response as a function of P and L, with (a) R and ® low; (b) R low and ©
medium; (¢) R low and © high; (d) R medium and © low; (e) R and ® medium; (f) R medium and ©
high; (g) R high and ® low; (h) R high and ® medium; (i) R and ® high.
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More open segments make it possible to estimate the total bending angle predicted for
a soft joint with Equation (9).

N
Ktot,pre = Z Rpre,i 9
i=1
where atot,pre is the total predicted angle of the SPA, a,,, ; is the predicted angle previously
described for the i-segment, and N is the number of segments.

4. Application to a Bio-Inspired Scorpion-Tail-Actuator

The identified model can be used in several contexts where the design of an externally
reinforced multi-joint SPA is required to achieve specific bending angles. The identified
model was applied to replicate the scorpion tail’s kinematic in the attack position. In detail,
the model was used to set the functional and geometric factors to design the joints of two
different external reinforcements. The goal was to reach the same final configuration at
different feeding pressures.

In the beginning, the physiological dimensions of the segments and the bending angles
between them of the tail of the Giant Forest Scorpion were identified. The individuated
dimensions were magnified to facilitate prototyping, assembly, and the possibility of
designing different reinforcements. Indeed, two different external reinforcements were
applied to the inner tube to achieve the same final deformation. Being an under-actuated
system, a comparison can only be made on the last position reached between the two
prototypes. Moreover, the absolute errors between predicted and experimental angles for
each joint at various pressures were evaluated to assess the goodness of the model in a
bio-inspired application context.

4.1. Characteristic Dimensions of the Giant Forest Scorpion

Heterometrus laoticus, known as the Giant Forest Scorpion, is one of the two thousand
species of scorpion in the world. This arachnid has the head and abdomen condensed in
the prosoma, and the mesosome represents the body [27]. From the latter, four pairs of legs
are used for locomotion start, while from the prosoma, two limbs are used for defense and
grasping objects (Figure 6a). The tail is used both for defensive purposes and to distribute
the weight of the body, managing the position of the center of gravity [28,29]. The tail
reported in Figure 6b shows how it is made up of five segments of different lengths (from
the body to the aculeus: MS;, MS,, MS3, MSy, MSs) with several angles between them (a7,
ap, a3, a4, &5). The corresponding kinematic chain is shown in Figure 6¢ and illustrates
that the tail consists of six components (the five tail segments and the scorpion mesosome)
interconnected by five hinges.

Prosoma Mesosoma

Tleg leg

Telson

Metasoma

11 leg

(@) (b) (c)

Figure 6. Scorpion anatomy: (a) body parts; (b) detail of the dimensions and angles of the tail
segments; (c) corresponding kinematic chain of the tail.

The magnified dimensions of a factor equal to 3 used for its reproduction are shown
in Table 3 and refer to the average dimensions for an adult male [30]. The latter were scaled
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up to facilitate the realization of the TPU reinforcement and the silicone tube, testing the
effectiveness of the predictive model also for different gauze dimensions.

Table 3. Adopted kinematic chain values for the scorpion tail in the attack position.

Length Symbol Length [mm] Angle Symbol Angle [°]
MS; 23.43 aq 33.29
MS, 27.00 a) 35.62
MS; 29.49 o3 57.20
MS, 32.97 a4 44.89
MS; 47.10 s 47.89

4.2. Comparison between I and Il Reinforcement

Two external reinforcements were designed, and 3D printed to show the model’s
ability to predict the joint’s bending angle. The dimensions of the latter are to reach the
same angles among the segments of the scorpion’s tail in the attack position and have the
lengths identified in the previous paragraph. Segment lengths are between the midpoints
of the soft joints. In detail, the values of the functional and geometric factors of the joints
are reported in Table 4 for the I reinforcement and Table 5 for the II reinforcement. The
values of the factors of the five soft joints were identified to achieve the desired angles with
a feeding pressure of 1.4 bar by the I reinforcement.

Table 4. UVs and CVs for the factors of the five soft joints about the I reinforcement.

Joint Uv 5 cv
P [bar] L [mm] RI-] 0[] N [-] p [ r 0
1 1.40 5.20 0.50 60 2 1.00 —-0.92 0.00 —-0.71
2 1.40 5.20 0.60 54 2 1.00 —0.92 0.67 —0.89
3 1.40 10.00 0.65 86 2 1.00 1.00 1.00 0.03
4 1.40 8.00 0.40 74 2 1.00 0.20 —0.67 —0.31
5 1.40 8.00 0.60 64 2 1.00 0.20 0.67 —0.60
Table 5. UVs and CVs for the factors of the five soft joints about the II reinforcement.
Joint Uv 5 cv
P [bar] L [mm] RI[-] 0 [°] NI[-] p 1 r 0
1 1.20 5.50 0.65 50 2 0.71 —0.80 1.00 —1.00
2 1.20 6.60 0.50 50 2 0.71 —0.36 0.00 —1.00
3 1.20 7.00 0.65 50 3 0.71 -0.20 1.00 —1.00
4 1.20 5.00 0.59 50 3 0.71 —1.00 0.60 —1.00
5 1.20 6.30 0.65 90 3 0.71 —0.48 1.00 0.14

Figure 7 shows the kinematic configurations at different pressures until reaching the
maximum pressure of 1.4 bar. As the pressure increases, an increase in the bending angles
is observed until the last deformation state.

For the II reinforcement, however, it was chosen to work with a feeding pressure of
1.2 bar. The factor values are given in Table 5 to arrive at the angle values for the scorpion’s
tail. Figure 8 shows the actuator’s kinematic configurations as a pressure function.
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v

Figure 7. Kinematic configurations of the tail with I reinforcement at (a) 0.0 bar; (b) 0.2 bar; (c) 0.4 bar;
(d) 0.6 bar; (e) 0.8 bar with a detail about the markers’ position (red circle) and the reference system;
(f) 1.0 bar; (g) 1.2 bar; (h) 1.4 bar.

0.0 bar (a) 0.2 bar (b) 0.4 bar (c)

0.6 bar ji-— 0.8 bar

1.2 bar

Figure 8. Kinematic configurations of the tail with II reinforcement at (a) 0.0 bar; (b) 0.2 bar; (c) 0.4 bar;
(d) 0.6 bar; (e) 0.8 bar with a detail about the markers’ position (red circle) and the reference system;
(f) 1.0 bar; (g) 1.2 bar.

In Figure 9a, there is a comparison between the configurations of the two actuators
as a function of pressure. The positions of I reinforcement are shown in a solid line, while
those of II reinforcement are shown with a dotted line. Furthermore, the same markers
are used to ease reading under the same pressure. As expected, the II reinforcement at the
same pressure allows greater bending angles than the I reinforcement. The absolute error,
Au, is evaluated according to the following Equation (10):

AIX - apre - aexp (10)

where )y is the predicted angle, and a.y is the experimental angle.
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Figure 9. Kinematic behavior of the actuator: (a) comparison of markers’ position along the x and z
axes at different feeding pressures for I and II reinforcement; (b) absolute error between predictive
model and experimental results of soft joint bending angles for I reinforcement (circular markers)
and II reinforcement (cross markers).

Table 6 summarizes the predicted and experimental bending angles for the five joints
with their absolute errors incurred for I and II reinforcement at the pressures of 1.4 bar
and 1.2 bar, respectively. Hence, the errors in the final configuration achieved with both
reinforcements were evaluated.

Table 6. Comparison between predicted and experimental bending angles for the five joints with
their absolute errors in the final configuration for both reinforcements.

I Reinforcement II Reinforcement
N Kpre [°] Kexp [°] Awx [°] Kpre [°] Kexp [°] Awx [°]
aq 33.33 29.12 421 32.89 34.28 —1.39
ay 35.65 42.28 —6.63 35.88 34.82 —1.06
ag 57.20 52.28 492 57.58 54.62 2.96
0y 4491 46.28 —1.37 4496 42.28 2.68
a5 4795 44.22 3.73 48.31 43.35 4.96

The goodness of prediction of the model is shown, reporting the absolute error in
Figure 9b as a function of the pressure for each of the five joints of the actuator for both
reinforcements. Circular markers indicate the errors relating to the I reinforcement, and
cross markers indicate those relating to the II reinforcement. The maximum absolute error
was —10.24° for the second soft joint at 1.2 bar for the I reinforcement and 4.96° for the fifth
joint at 1.2 bar for the II reinforcement. These maximum errors are consistent but acceptable
if we consider that they were obtained in an open chain, i.e., without a controller and with
the identification of a model using RSM with only 16 tests.

The quality of the model can be better understood by evaluating the average absolute
error committed at all angles and all test pressures. The latter was 2.92° for I reinforcement
and 1.75° for II reinforcement. These errors can be attributed to manual assembly, sliding
between reinforcement and inner tube, friction, errors introduced by image analysis, and
the higher weight of the two prototypes tested than the previous one used to identify
the model.

5. Conclusions

In this work, the RSM was used to identify a predictive model of the bending angle of
the designed SPA. The DOE was employed to organize a factorial plan for the tests to be
carried out to evaluate the effects of the factors. Each test refers to a specific combination
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of the functional and geometric factors chosen for the SPA, which characterize a unique
reinforcement to be created. It was necessary to validate the predictive model, comparing
the predicted angles with the experimental ones for the 16 tests and for a midpoint not
used in the previous identification. The model made it possible to quantify the effects of the
factors and their interactions, evaluating the impact on the bending angle of each of them.
In particular, the pressure and length of the TPU reinforcement segment are the factors that
most influence the response.

Finally, the model was used for a bio-inspired application, namely, the reproduction
of the tail of the Giant Forest Scorpion. The underactuated SPA can achieve the real
configuration for two different external reinforcements designed according to the identified
model and allows for the design of the geometry of the reinforcement cuts, managing
the feeding pressure. The maximum absolute errors were —10.24° and 4.96° for the I and
II reinforcement, respectively, while the average absolute errors on all angles at all test
pressures were only 2.92° and 1.75°.

Then, the predictive model was validated, allowing the design of soft multi-joint
actuators. The errors can be attributed to manual assembly, sliding between reinforcement
and inner tube, friction, errors introduced by image analysis, and the higher weight of the
two prototypes tested than the previous one used to identify the model.

The RSM may be employed to identify other predictive models of several kinds of
soft actuators, pneumatically or not powered with or without an external reinforcement,
with different geometries or characteristics. Improvements to the current RSM can be
achieved by including other factors in the model to evaluate, for example, the effects of a
payload on the bending angle. In addition, RSM could be used to design factorial plans
to run a limited number of FEAs involving high computational cost with an acceptable
increase in the error [31]. Alternatively, the identified model may be used to design external
reinforcements for SPAs that can replicate the deformation states of other bio-inspired
structures, for fingers to grasp and move objects, for limbs to sustain robots, and so on.
Finally, the possibility of deformation states in the case of multi-directional bending, such
as S-shape or helical, will also be investigated, evaluating the accuracy of the predictive
model in these contexts.
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