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1. Introduction

Underwater gliders are a highly specialized type of vehicle.[1,2]

They rely on winged locomotion, which converts vertical motion,

induced by variable buoyancy, into forward
motion (see Section S1 and Figure S1,
Supporting Information). Therefore, no
active propulsion, such as propellers, is
required. Wing efficiency, considered here
as the lift-to-drag ratio, is a key parameter
in enhancing the vehicle’s performance.
Unlike aircraft wings, underwater gliders’
wings are required to invert the direction
of the lift force to match that of the vehicle.
Therefore, these wings feature symmetrical
profiles to generate equal lift both in
upward and downward gliding periods.[3]

In order to reduce mechanical complexity,
underwater gliders have no control surfa-
ces, but at the cost of diminished maneu-
verability. Wings capable of changing
shape (i.e., camber morphing) would be
able to adapt to encountered gliding condi-
tions. Therefore, their efficiency would
be optimized and their operational range
extended.[4] Additionally, independent
operation of each wing would allow greater

maneuverability and control of the roll axis. Added advantages of
such adaptive wings are enhanced resilience to collisions. An
adaptive wing could also take advantage of various morphing
principles, such as adjustable twist and airfoil camber.[5]
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Actuators based on soft elastomers offer significant advantages to the field
of robotics, providing greater adaptability, improving collision resilience, and
enabling shape-morphing. Thus, soft fluidic actuators have seen an expansion in
their fields of application. Closed-cycle hydraulic systems are pressure agnostic,
enabling their deployment in extremely high-pressure conditions, such as deep-
sea environments. However, soft actuators have not been widely adopted on
unmanned underwater vehicle control surfaces for deep-sea exploration due to
their unpredictable hydrodynamic behavior when camber-morphing is applied.
This study presents the design and characterization of a soft wing and inves-
tigates its feasibility for integration into an underwater glider. It is found that the
morphing wing enables the glider to adjust the lift-to-drag ratio to adapt to
different flow conditions. At the operational angle of attack of 12.5°, the lift-to-
drag ratio ranges from�70% toþ10% compared to a rigid version. Furthermore,
it reduces the need for internal moving parts and increases maneuverability.
The findings lay the groundwork for the real-world deployment of soft robotic
principles capable of outperforming existing rigid systems. With the herein-
described methods, soft morphing capabilities can be enabled on other vehicles.
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Unmanned underwater vehicle (UUV) gliders are designed
for long-range missions of up to one thousand kilometers.[1]

The system requires energy only when inverting the vertical
direction of motion, as a change in density is required. In order
to save energy, the direction of vertical motion is changed as few
times as possible. Consequently, UUVs are encouraged to sink as
deep as possible before inverting. In principle, soft robotic actu-
ation mechanisms withstand extreme pressures and thus can be
regarded as pressure agnostic.[6] Moreover, due to their elasticity,
such actuators have greater impact resilience.[7,8] These features
ensure fewer repairs and maintenance to the wings; essential
qualities in cluttered deep-sea environments. Most of the present
literature regards the use of soft robotic actuation for undulatory
propulsion in marine applications,[9–16] whereas this work
focuses on using soft wings to maximize efficiency in UUVs.
Here, the design and manufacturing process of a wing consti-
tuted of a soft silicone actuator and a rigid leading edge are
explored. The wing aims to showcase the potential of soft-robotic
principles in the underwater glider sector.

2. Design and Manufacturing

The soft wing assembly consists of a single milled aluminium
leading edge and connector that secures the soft section. An
exploded view of the soft wing compartment is shown in
Figure 1a.

2.1. Design

As shown in Figure 1c, the compliant wing structure features two
symmetric actuation chambers, which allow upward and down-
ward deflection. By increasing the volume of one chamber and
decreasing the volume in the other, significant camber morphing
is achieved. An exploded view of the UUV wing section as well as
a trimetric view of the right semi-wing is given in Figure 1a,b. A
relatively thick symmetric hydrofoil (NACA0016) was selected, to
increase the lift-to-drag ratio and maximize the inner volume of
the wing, ensuring space for the wing chambers.[17] Based on a
nominal forward velocity ~V of the chosen reference UUV (see
Section S1 and Figure S2, Supporting Information) of 0.25m s�1

and on preliminary studies, an angle of attack (AoA) of α ¼ 12°
maximizes the efficiency of the chosen wing profile.[18] Since
wings are mounted with α ¼ 0° with respect to the underwater

gliders’ longitudinal axis, the AoA of the vehicle coincides with
that of the soft wing. To increase the generated lift~L, and reduce
the manufacturing complexity, an untapered wing design
with no sweep, aspect ratio (AR) of 1.6, and chord length of
230mm was chosen.[1,19]

The internal structure of the wing consists of two main inflat-
able chambers that are connected by silicone tubes to a pump and
separated from each other by an inextensible layer of 0.75mm
perforated polyethylene teraphtahalate foil. Each actuation cham-
ber consists of 13 channels 4mm wide, which cover the whole
half wing lengthways. They have a height between 13.2mm, at
the leading edge, and 4.6 mm at the trailing edge. The channels
are spaced 4mm apart, have an external wall thickness of 2.5 mm
and are connected individually at their base with passageways
running chordwise to enable uniform pressurization.

2.2. Actuation

The two chambers of each semi-wing are connected in a closed
hydraulic cycle featuring a peristaltic pump (A 9QX, Boxer
GmbH, Ottobeuren, Germany).[20] The electric circuit of the
wing is housed in the hull of the UUV, while the hydraulic circuit
is mounted externally. The interface between the two circuits is a
pump driven by a transmission shaft. A cutaway view of the inter-
nal structure and its connection to the pump is given in
Figure 1c. The pump is connected to a stepper motor (NEMA
14, Simac Electronics GmbH, Neukirchen-Vluyn, Germany)
using a torsional coupling and driven by a stepper driver
(UIM243L02BT, Boxer GmbH, Ottobeuren, Germany) with a
maximum of 480 rpm.

2.3. Fabrication

The geometry and the manufacturing process, lost wax
technique, were adapted from previous work.[21] Compared to
a single molded actuator, this approach allows stronger bonding
of the assembly, and more precise external dimensions.
Furthermore, reducing the number of interfaces between soft
materials, which otherwise need to be glued or fitted together,
reduces the risk of failure under pressure. Amanufacturing flow-
chart is given in Figure 2.

The inextensible layer is laser cut and roughened using sand-
paper to increase the bonding strength with the silicone. The
outer shells are fused deposition modelling (FDM) printed using
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Figure 1. Overview of the soft robotic wing components. Scale bar corresponding to 100mm. a) Exploded view of the soft wing actuation compartment
showing the wing, the pressure hull adapter, and the peristaltic pumps. b) CAD rendering of the wings with rigid parts in yellow and the soft morphing
section in gray. c) Cross-section of the wing and the pump (enlarged scale). The two chambers, in blue and orange, are connected through the peristaltic
pump.
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conventional PLA, coated with epoxy (XTC-3D, Smooth-On, Inc.,
Macungie, US) to decrease surface roughness, and then sprayed
with mold release agent (Ease Release 200, Smooth-On, Inc.,
Macungie, US). For the wax pattern, a negative mold is designed
and FDM printed. With this, a positive mold is cast using soft
silicone (EcoFlex 00-20, Smooth-On, Inc., Macungie, US). The
wax (beeswax pastilles, APILINE GmbH, Erlenbach, CH) is
melted at 80 °C and poured into the silicone mold. After

solidification, the outer shells are assembled, and the two wax
patterns are inserted inside. The inextensible layer is positioned
between the two wax cores and all components are fixed in place
using screws. To produce the wing, two-component addition-
curing silicone (EcoFlex 00-50, Smooth-On, Inc., Macungie,
US) is used. The processing time is extended during casting
by adding a retarding additive (SLO-JO, Smooth-On, Inc.,
Macungie, US) and the liquid silicone is placed in a vacuum
chamber at 40 Pa for 10min. The liquid silicone is then poured
into the prepared molds at a shallow angle and shaken to prevent
air pockets. Finally, the mold is again placed in the vacuum
chamber at 400 Pa for 10min, to extract any air bubbles, and then
left to cure overnight in ambient conditions. After curing, excess
material is removed and the outer shells are carefully opened. To
remove the wax, the wing is inserted upright in an oven at 80 °C
and then rinsed in water. A silicone tube (Innovaprene P60,
Boxer GmbH, Ottobeuren, Germany) is bonded to each port
to connect the chambers to the pump.

3. Experimental Section

Initial actuator tests were conducted in a stationary water tank to
qualitatively assess the durability and deflection range of the
manufactured wing section. Successively, experiments in a water
flow channel were executed to investigate the morphing wing’s
performance under various flow conditions.

3.1. Water Tank Characterization

To analyze the soft wing in stationary water conditions, the wing
system was mounted inside a water tank, in a vertical configura-
tion (leading edge pointing upwards and submerged to a depth of
30mm from the water surface). This orientation of the wingmin-
imizes buoyancy and gravity-related bending of the soft struc-
ture, permitting deflection caused only by the actuation of the
silicone section. A camera was positioned parallel to the wing
to capture the deflection of the trailing edge. A checkered sheet
of plastic was placed behind the water tank to act as a fiducial
marker. The volumes in the upper and lower chambers of the
silicone section were controlled using the peristaltic pump setup
described in Section 2. The deflection was measured visually by
means of the camera setup. The 120mL deflected state is
shown in Figure S3, Supporting Information. Video S1,
Supporting Information (Figure S7 in Section S2, Supporting
Information) shows the inflation process from 0 to 120mL,
and back to the neutral position in stationary water conditions.

3.2. Water Channel Characterization

To investigate the performance of the wing and determine its
hydrodynamic coefficients, the soft robotic wing was tested in
a large-scale water channel (3a) with a length of 6m and a
cross-section of 0.6� 1 (m2). The water bulk speed was in the
range between 0.02 and 1.5m s�1 and controlled by a variable
speed pump. The wing was positioned vertically at the beginning
of the tunnel, and fixed in place by mechanical connectors. Its
wingspan was in the direction of gravity and its chord lines (if
α ¼ 0°) parallel to the tunnel’s longitudinal axis. The origin of

inverted mould for wax core
silicone negative mould

wax coreEcoFlex 00-20

EcoFlex

00-50

bees
 

wax 

wax core

soft wing mould

inextensible
layer

(a) (b)

(c) (d)

(e)

Pressure
change

(f)
Place in Oven at 80°C

 Soft R
obotic W

ing

80°C

Figure 2. Manufacturing process of the soft, hydraulically actuated wing.
a) Using a 3D-printed mold, an inverted siliconemold is cast using EcoFlex
00-20. b) The silicone negative mold is used to cast a bee wax core of the
inner wing structure. c) Two wax cores (one for each actuation chamber)
are assembled with the soft wing mold and an inextensible layer in
between. d) EcoFlex 00-50 is poured into the fixed mold assembly.
e) After curing the silicone, the mold is placed inside an oven at 80 °C
to liquefy the wax cores. The molten wax flows out of the chambers
and empty cavities are generated. f ) The finished soft wing section is
mounted to the stiff leading edge and is ready for assembly.
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the reference frame was positioned on the water surface at the
leading edge of the wing. The x-axis was parallel to the longitu-
dinal axis of the water channel, thus parallel to the flow velocity
vector. The z-axis was oriented downwards parallel to gravity,
while the y-axis formed a right-handed triad with the other
two axes. The coordinate system is depicted in Figure 3b. To
measure all external forces acting on the wing, a 6-axis load cell
(FTN-GAMMA-IP68, Schunk GmbH & Co. KG, Mengen,
Germany), capable of measuring a maximum force of 65 N
and maximum torque of 5 Nm, was secured to the top side of
the mechanical connectors. A rotation device was inserted below
the load cell to adjust and measure the AoA without changing the
orientation of the load cell. A cylindrical adapter was attached
below the rotation device to pass the hydraulic tubes of the actu-
ation system to the pump. To benchmark the performance of the
proposed soft wing, a completely rigid wing featuring the same
NACA0016 profile and dimensions was manufactured and
tested. Each wing was submerged to a depth of 60mm from
its upper edge, so as to reduce the air/water boundary effects
on the measurements, especially those proportional to the flow
speed. Figure 3b illustrates the assembly immersed in water.
This setup prevented additional drag on the wing, as it limited
boundary-induced effects on the wing itself, lying deeper below
the water surface. The load cell measured the resultant of all
forces acting on the assembly on the three axes, namely gravity
and fluid forces. Force measurements on the cylindrical adapter
without a wing attached were performed for each flow speed, and
the obtained lift and drag were subtracted from corresponding
wing force measurements. Under these conditions, skin friction
and wave drag were the dominant drag components acting on the
assembly. Although this method does not account for 3D effects,
such as the interaction between the wing and the connecting
adapter, these are second order and negligible in this study.
Given that the soft wing was approximately buoyancy neutral
(EcoFlex specific gravity equal to 1.07), the sum of the forces

acting along the z-axis (i.e., gravity and buoyancy, which are con-
stant in time) is zero. Hence, the z component of the forces resul-
tant acting on the wing is not considered in the following
analysis. Figure 3b shows the tested configuration, the assembly
components as well as the reference frame. Additional informa-
tion about the experimental setup is available in Section S2 and
Figure S4, Supporting Information. Furthermore, a 3D virtual
reconstruction of the wing was generated throughout all experi-
ments. To achieve this, three cameras (c42, Raytrix GmbH, Kiel,
Germany) were employed to capture the image of the wing,
which had been painted with randomly placed black markers.
The reconstruction process involved the recognition and triangu-
lation of these markers, serving as reference points for the con-
struction of an accurate 3D surface model of the wing. This
enables the measurement of the actual chord length under
deflection, required to calculate the drag and lift coefficients
CD and CL, respectively. Further information concerning the
3D reconstruction can be found in Section 3. An example is given
in Figure 4.

4. Results and Discussion

In the following sections, the results of the stationary water tests
and water channel tests are summarized and discussed.

4.1. Water Tank Tests

The initial deflection test was conducted by inflating the actu-
ation chambers to different volumes, while submerged in the sta-
tionary water tank. At all deflection states, the peristaltic pump is
able to maintain the wing shape without power from the stepper
motor.

As a result of the mechanical properties of the silicone, high
wing deflection causes twisting along the span. At the maximum

Contraction

Test section

Settling chamber

Return pipe

Direction of 
water-flow

(b)(a)

Soft wing in the test section
y

x

z

6-DOF load cell

Mechanical 
adapter

Submerged soft 
wing section

Wing adapter

Submerged rigid 
leading edge

Rotation device

Figure 3. Overview of the tests performed in the water-flow channel. a) A rendering of the Empa/ETH Zürich large-scale water channel used for testing
the soft wing. The same setup was used in ref. [26]. The scale bar corresponds to 2m. b) Measurement setup illustrating the configuration in which the
wing is positioned in the water channel. The setup consists of a 6-axis load cell, a rotating device, mechanical adapters, and the wing section. Scale bar
corresponding to 100mm.
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inflation level of 120mL, the non-uniformity is most pronounced
with a total variation of 5mm at the trailing edge. In contrast, the
rigidity of the outer walls led to slight deflections at both
wingtips.

4.2. Water Channel Tests

To characterize the hydrodynamic coefficients of the wing, a
selection of Re numbers, AoA, and inflation levels were tested.
The investigated flow speeds and testing conditions are summa-
rized in Table 1. The Re number was calculated based on
a water density ρ ¼ 998 kgm�3, a water dynamic viscosity
μ ¼ 0.001 Pa s, and a chord length c= 0.23m for the undeflected
wing. The fluid properties refer to the ambient temperature
Ta= 20 °C. Experiments were performed with wing dimensions
corresponding to those of typical underwater gliders in use.
However, UUVs might require wings of different dimensions,

in which case correction factors will have to be applied to the
below results to ensure coherence with the involved phenomena.

Since Re does not exceed 105, the flow is expected to be mainly
laminar, with flow separation occurring at high angles of
attack.[22] For each of the above Re, five wing deformations were
tested, referred to as “inflation levels”, the difference in volume
between the two chambers, in milliliters (mL). Inflation is
directly proportional to deformation. The inflation levels tested
in the experiments are neutral, 30, 60, 60, and 120mL, where
neutral means equal inflation in both chambers, leading to sym-
metric airfoil and no wing deformation. At the flow speed of
interest of 0.25m s�1, intermediate inflation levels of 15 and
45mL were also studied. Also, for the same flow speed, all infla-
tion values were tested in both directions, bringing about a posi-
tive and negative y-axis deflection. A 3D reconstruction of the soft
wing’s surface was performed for all measurements. As men-
tioned above, the reconstructed wing was used to determine
the chord length of the deflected wing profiles for further calcu-
lations. A 2D plot of the reconstructed wing is shown in Figure 5.

In contrast, the transient phase, occurring while the wing’s
deformation is being altered, was not included in this study.
The pump employed less than 60 s to displace water between
the two chambers. After each deformation, while no measure-
ments were taken, the system was given 60 s to reach equilib-
rium. When switching to a different deformation, the wing
was first brought to the neutral (non-deformed) state and, after
60 s, to the target deformation. This procedure minimized the
effects of the transient phase on the measurements taken during
the experimental campaign. The wing’s transient phase has a
negligible effect on the dynamics of UUVs, given that it takes
place for a few meters in an overall mission range[23] of thou-
sands of kilometers. Finally, the rigid wing was also tested in

Figure 4. 3D scatter plot of the position of the markers superimposed to the reconstructed surface for a free-stream velocity of 0.2 m s�1 in negative
x-direction, AoA= 12.5 and inflation of 120mL.

Table 1. Investigated water channel flow speeds, corresponding re
numbers, and tested AoAs and inflation states.

Flow speed
[m s�1]

Re number
[e þ 04]

AoAs [°] Inflation states [mL]

0.15 3.44 �5; 0; 5; 7.5; 10; 12.5; 15 neutral; 30; 60; 90; 120

0.20 4.59 �5; 0; 5; 7.5; 10; 12.5; 15 neutral; 30; 60; 90; 120

0.25 5.74 �5; 0; 5; 7.5; 10; 12.5; 15 neutral; �15� 30; �45;
�60; �90; �120

0.30 6.89 �5; 0; 5; 7.5; 10; 12.5; 15 neutral; 30; 60; 90; 120

0.40 9.18 �5; 0; 5; 7.5; 10; 12.5; 15 neutral; 30; 60; 90; 120
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all described AoAs and velocities. Regarding the force measure-
ments, for each experiment, the averages of 1000 force readings
were employed to calculate the lift and drag coefficients,
hereafter indicated as CL and CD, and defined as follows:

CL ¼
j~Lj

1
2 ρ

~V2S
(1)

CD ¼ j~Dj
1
2 ρ

~V2S
(2)

Note that in Equation (1) and (2) the denominator consists of the
product of the kinetic energy per unit volume (1/2 ρ~V2) and the
wing’s reference area S projected on the xz-axis. Furthermore,
we also computed the ratio of CL=CD, which is an indicator of
the wing’s efficiency. Since the drag readings are often close
to zero, in this latter case we made use of the median of 1000
force readings, ensuring a more reliable result. For the sake
of conciseness, the lift-to-drag ratio plots for all tested conditions
are reported in Section S4, Figure S7 and S8, Supporting
Information. Figure 6 shows lift and drag measured at an infla-
tion of 30mL, for the different flow speeds. Lift and drag increase

with AoA up to a value of 12.5°; thereafter, there is a fall in lift and
a sharp rise in drag. This finding is in agreement with the pre-
dicted behaviour of the employed wing profile.

While the UUV’s nominal forward velocity is 0.25m s�1, the
CL, CD, and CL=CD plots show the behavior of the soft robotic
wing at the velocities given in Table 1. At all Re numbers, CD

and CL increase with the AoA. At any AoA, with the exception
of stalling conditions, higher inflation leads to greater lift and
drag. These stalling conditions appear at a lower AoA when infla-
tion is higher. Moreover, at the lowest flow speeds (Figure 7
and 8), this is particularly pronounced for steeper AoAs, where
a sharp decrease in CL and an increase in dCD=dðαÞ are wit-
nessed. This is due to flow separation, resulting in less lift
and additional drag (wake resistance). This is not the case for
the neutral state, the rigid wing, or the least inflated wing con-
figurations, which now feature higher lift than the more inflated
conditions. Specifically, in Figure 8, at α ¼ 12.5°, the 60mL curve
features a higher lift than the 90� and 120� mL curves.
Additionally, the 90� mL inflation CL curve plunges below
the 30�mL curve. Increasing the inflation of the soft wing modi-
fies the hydrofoil profile, augmenting its deformation and cam-
ber. Increasing the flow speed to 0.4 m s�1 (Figure 11) allows
even the 120mL configuration to delay stall to α ¼ 15°. This
is due to the higher pressure developed at faster flow speeds,
which increases the ability of the flow to stay attached to convex
surfaces. The effect of increased camber on CL and CD of morph-
ing wings is also found in literature.[24]

Comparing the neutrally inflated soft wing with its rigid coun-
terpart, the effects of surface refinement and structural stiffness
are evident. At a flow speed of 0.25m s�1 and α ¼ 15° (Figure 9),
the soft wing shows a sharp increase in drag and a drop in lift,
whereas the rigid wing’s hydrodynamic coefficients maintain
their rising trend, and no significant changes in dCD=dðαÞ or
dCL=dðαÞ are observed. After applying a Fourier transform
and analyzing corresponding distributions in the frequency
space, both rigid and soft wing show intensity peaks at 11 and
16Hz. The soft wing also features an intensity peak at 3 Hz.
The common peaks represent oscillations attributable to the sys-
tem (vibrations and sensor noise), whereas the 3Hz frequency
intensity peak is likely due to fluttering of the soft wing. This
phenomenon, together with the slight stalling behavior present

Figure 5. Bottom-view of the wing indicating the detected markers at the
five investigated inflations and an AoA of 0° at 0.2m s�1 free-stream veloc-
ity. For reference, the 0mL inflation at no water flow is given in black.

Figure 6. Measured fluid forces on soft wing with 30mL inflation, for different flow speeds. a) Lift against AoA. b) Drag against AoA. All error bars
represent the 95% confidence interval, calculated using a z score equal to 1.96.
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in Figure 8 and 10, explains the divergence of CL and CD between
the rigid and soft wing in its neutral position. This is especially
evident at higher flow speeds and AoAs for which stalling and
flutter intensify.[25] Also, the lower stiffness of the soft wing
works as a damper to the mechanical system as a whole and

is likely to be the reason behind smaller confidence intervals
in soft wing curves. Finally, in Figure 7–11, the CL curve relative
to symmetric hydrofoils (referred to as neutral and rigid) never
intersects the origin. This is probably due to slight AoA misalign-
ment during the experiment campaign, as, for obvious

Figure 8. Measured coefficients at flow speed v ¼ 0.2m s�1 (Re= 4.59e þ 04). a) CL against AoA. b) CD against AoA. All error bars represent the 95%
confidence interval, calculated using a z score equal to 1.96.

Figure 7. Measured coefficients at flow speed v ¼ 0.15ms�1 (Re= 3.44e þ 04). a) CL against AoA. b) CD against AoA. All error bars represent the 95%
confidence interval, calculated using a z score equal to 1.96.

Figure 9. Measured coefficients at flow speed v ¼ 0.25ms�1 (Re= 5.74e þ 04). a) CL against AoA. b) CD against AoA. All error bars represent the 95%
confidence interval, calculated using a z score equal to 1.96.
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geometrical reasons, the lift of a symmetric hydrofoil measured
at α ¼ 0° should be zero.

The capability of the soft wing to extend the maneuverability of
the UUV is clear in Figure 12. Here, the left panel shows the
scatter plot of CL=CD for rigid and soft wing at a flow speed
of 0.25m s�1 and inflation levels between �120 and þ120mL.
On the right panel, the color-map illustrates the achievable
CL=CD ratio for any given combination of α and inflation level.
The plot shows that the soft wing can generate much higher
CL=CD for positive inflation levels until approaching stalling con-
ditions, or negative lift at small AoA and negative inflation. Note
that at the operational AoA of 12.5°, the lift-to-drag ratio can be
increased by 10% or decreased by 70% compared to the rigid
wing. Moreover, at an AoA of 5°, the value of CL=CD varies from
�2 to about 7 for the soft wing (here the rigid one operates at a
fixed value of 6), thus offering a competitive advantage with
respect to traditional fixed wings. This comparison can be
extended to UUVs. While a traditional rigid-wing UUV needs
to modify its AoA in order to generate sufficient lift, a soft-wing
UUV can achieve comparable lift simply by modifying its infla-
tion level. The only other lift-related difference is that generated

by the fuselage and other surfaces of the vehicle, which the for-
mer brings to a higher AoA and thus higher lift. However, this
difference is negligible and can be balanced by an additional
inflation of the soft wing. Furthermore, in rigid-wing UUVs,
the increased inclination of the fuselage raises both fuselage
and wing drag, as expressed in Equation (3) (where α is the
AoA and α0 is a generic AoA). In soft-wing UUVs instead, lift
generation causes an increase in wing drag only. A comparison
between the drag of the two UUV configurations can be extracted
from Equation (4), a Taylor expansion of the vehicle’s drag
around the generic gliding angle α0. Here, the total drag Dtot act-
ing on the vehicle equals the sum of fuselage drag DF and wing
drag DW. Due to the lift generation method described above, the
term ðα� α0Þ is smaller for soft-wing UUVs, hence providing
equal lift with a smaller increase in drag with respect to rigid-
wing UUVs. For the same velocity ~V , the difference in AoA
for UUVs featuring rigid (13 a) and soft wings (13 b) is illustrated
in Figure 13.

Dtotðα0Þ ¼ DFðα0Þ þ DWðα0Þ (3)

Figure 10. Measured coefficients at flow speed v ¼ 0.30ms�1 (Re= 6.89e þ 04). a) CL against AoA, for representative AoA and inflation levels. b) CD

against AoA, for representative AoA and inflation levels. All error bars represent the 95% confidence interval, calculated using a z score equal to 1.96.

Figure 11. Measured coefficients at flow speed v ¼ 0.40ms�1 (Re= 9.18e þ 04). a) CL against AoA, for representative AoA and inflation levels. b) CD

against AoA, for representative AoA and inflation levels. All error bars represent the 95% confidence interval, calculated using a z score equal to 1.96.
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DtotðαÞ � DFðα0Þ þ
dðDFðα0ÞÞ

dα
ðα� α0Þ þ DWðα0Þ

þ dðDWðα0ÞÞ
dα

ðα� α0Þ
(4)

5. Conclusion

A soft robotic morphing wing for an underwater glider was
designed, manufactured, and tested successfully. The pressure-
proof soft wing features a symmetric NACA0016 profile,
consisting of a rigid leading edge and a soft silicone actuator
manufactured using lost-wax core molding. To actuate and
control the wing’s deflection, the silicone assembly has two
non-communicating chambers inflated by a peristaltic pump.
Stationary water tank tests and water channel tests were
performed to monitor its morphing behavior and characterize
the wing’s hydrodynamic performance. During water channel
tests, force data were acquired at five Reynolds numbers, seven
AoAs, and a minimum of five different soft wing inflation levels.
Generally, increasing the AoA results in an increment in both
fluid forces and hydrodynamic coefficients. Also, higher inflation

states cause a shift to lower AoA of general behaviour and stalling
points. Exploiting different inflation states, the present soft wing
achieves bi-directional deflection, crucial to the vehicle’s vertical
motion. Compared to a traditional rigid wing, at the operational
AoA of 12.5, the lift-to-drag ratio of the soft wing ranges from
�70% to þ10% and depends on its inflation state. This article
lays the groundwork for future research towards the implemen-
tation of soft robotics on underwater gliding vehicles. Indeed,
when implemented on UUVs, the soft wing supplies the
required lift without needing to change the AoA of the vehicles
or increasing the total drag. Therefore, the soft wing reduces the
total cost of transport of the UUVs on which it is implemented.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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