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Design, sensing, and control of underwater gripping systems remain challenges for soft robotic manip-
ulators. Our study investigates these critical issues by designing a shape memory alloy (SMA) actuation
system for a soft robotic finger with a directly 3D-printed stretchable skin-like tactile sensor. SMA actu-
ators were thermomechanically trained to assume a curved finger-like shape when Joule heated, and
the flexible multi-layered tactile sensor was directly 3D-printed onto the surface of the fingertip. A
nonlinear controller was developed to enable precise fingertip force control using feedback from the
compliant tactile sensor. Underwater experiments were conducted using closed-loop force feedback
from the directly 3D-printed tactile sensor with the SMA actuators, showing satisfactory force tracking
ability. Furthermore, a 3D finite element model was developed to more deeply understand the shape
memory thermal-fluidic-structural multi-physics simulation of the manipulator underwater. An appli-
cation for human control via electromyogram (EMG) signals also demonstrated an intuitive way for a
person to operate the submerged robotic finger. Together, these results suggested that the soft robotic
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finger could be used to carefully manipulate fragile objects underwater.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The ocean is full of biological and mineral resources. However,
studying and exploring these resources from the ocean remains
a challenge, which is why underwater manipulators with embed-
ded tactile sensors have been recently developed as an essential
tool to use in murky and turbid environments [1-3]. Tactile sen-
sors provide real-time feedback of the manipulator to accurately
adjust the grip force underwater and to detect contact with dif-
ferent objects [4-6]. Previous studies have advanced the design
and development of flexible and integrated tactile sensors [7-10].
Although these sensors have shown potential in providing precise
and repeatable information, there is still a need for compliant and
stretchable tactile sensors that are suitable to integrate within a
soft robotic manipulator for underwater use [11-13]. Additionally,
the use of tactile sensors is required to be highly reliable even in
corrosive underwater environments—only a few sensors have been
reported with underwater sensing capability and the underwater
versatility is limited with current technologies [14-16]. Further-
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more, the fabrication cost for the sensing systems could be high
due to complex wiring topology, packaging and tough assembly
[17,18].

Recently, highly stretchable tactile sensors were developed
using ionic conductive polymer composites as a piezoresistive
material and a CNT-based nanocomposite as the electrode mate-
rials [19,20]. CNTs in a polymer matrix generate conducting
networks, while the polymer matrix provides easy manufactura-
bility [21,22]. Additionally, CNTs have also been widely used as a
sensing material because of their superior mechanical and electrical
properties [22,23]. Examples include a piezoresistive strain sensor
[24], conductors used in polymer MEMS [25], and also a micro-
strain polymer/CNT sensor [26]. Compared to these examples with
rigid sensors, there are several reports on stretchable piezoresis-
tive sensors and electronics with stretchable rubberlike conductors
[27], CNT/polymer strain sensors [28], and silver/CNT conductive
rubber adhesives [29,30]. Furthermore, the single-walled carbon
nanotube strain sensor showed superior water resiliency, which
indicated that the sensor could be used for underwater robotic
safety management [14].

For these reasons, a multi-layered tactile sensor was developed
and directly 3D-printed on the inner assembly of a robotic fingertip
antagonistically actuated by two SMA plates in this paper (Fig. 1).
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Fig. 1. Antagonistic actuation concept using two thermomechanically trained SMA
plates. Integrated tactile sensing enables force control. The color of the actuators
indicates the temperature during different times in the actuation cycle, where Joule
heating is used to alternately flex and extend the actuators to drive the finger.

The new multi-layered tactile sensor was composed of three main
components: an intermediate piezoresistive polymer to detect the
sensory information, conductive, and flexible polymer electrodes
to transfer the sensory information and an insulator polymer to
shield the components. Incorporation of carbon nanotubes (CNTs)
into a polymer matrix to make conductive nanocomposites were
reported as a flexible method for creating conductive as well as
sensing elements.

Previously, the authors have demonstrated position control of
a novel anthropomorphic robotic finger with human-inspired SMA
actuators that were thermomechanically trained to bend at loca-
tions similar to the three joints of a human finger [31]. New in
this paper, a multi-layered polymeric skin-like tactile sensor was
directly 3D-printed onto the anthropomorphic robotic fingertip,
which housed two antagonistic SMA actuators that were trained
to make curved and straight shapes (Fig. 1). Through the newly
developed nonlinear force control system, the precise fingertip
force tracking was enabled using feedback from the compliant,
multi-layered tactile sensor. To understand the behavior of the
complex submerged manipulator under nonlinear force control, a
3D finite element model was developed to verify and explain the
shape memory thermal-fluidic-structural multi-physics behavior
of the SMA actuators underwater. To the best knowledge of the
authors, electromyogram (EMG) was used for the first time for the
tele-operated control of an underwater robotic manipulator [32].
Therefore, the new robotic finger for underwater applications has
the potential for precise fingertip force control and could facilitate
the collection of samples and characterization of resources in the
ocean.

The prime goal of this study was to investigate and understand
the potential for force control using feedback from the multi-
layered polymeric skin-like tactile sensor with the underwater
manipulator. The fabrication process for the multi-layered force
sensor and manipulator was explained. The nonlinear force con-
troller for the finger was evaluated with steps, sinusoids, and
EMG input signals using feedback from the tactile sensor. The
thermal-fluidic-structural performance of the nonlinear SMA actu-
ation system was verified and explained by finite element analysis.

2. Materials and methods

Two antagonistically actuated SMA plate actuators were
arranged in parallel within the robotic finger, which were cooled

using water from the underwater environment (Fig. 1). The flexor
actuator was thermomechanically trained to take a curved shape
when Joule heated, whereas the extensor actuator took a straight
shape when Joule heated. These two SMA actuators were placed
in parallel and housed within an inner finger assembly. With
this design, alternating between heating and cooling the flexor
and extensor actuators caused the finger to flex and extend. A
multi-layered tactile sensor was directly 3D-printed on the inner
assembly of the fingertip, and also, a nonlinear force controller was
designed to control the force of the finger accurately.

2.1. Materials

Polycrystalline NiTi SMA plates with a thickness of 1 mm were
purchased from Memry (Weil am Rhein, Germany). The NiTi SMA
had a Ni50.1Ti49.9 atomic weight composition. Each NiTi SMA
actuator was cut from a plate into the shape of a ‘U’ using an elec-
tric discharge machine (Fig. 2d(iii)). The initial thermomechanical
training dictates the full recovery of the antagonistic actuators. At
least 100 thermal cycles are required for repeatable antagonistic
bending actuation. Particularly, the cyclic actuation stroke tends to
stabilize through thermal cycling during three remarkable stabiliz-
ing stages: the early-evolution, transient, and stabilization stages
[33].

FullCure® 930 TangoPlus, a 3D printing photopolymer from
Stratasys Inc (Eden Prairie, MN, USA), was used as the pri-
mary matrix of the conductive electrodes. CN9021 was a highly
flexible photocurable monofunctional monomer from Sartomer
America used to develop the piezoresistive pressure-sensitive
polymer. Pol-Ease® 2450 from Polytek Development (Williams
Township, PA, USA) acted as a releasing agent used in a mold-
ing process and PT Flex 20 Liquid Rubber (Shore A20) was
used due to its fast cure time (~5min). Multi-walled carbon
nanotubes (MWNTs, >85 %) with a diameter of 10—30nm and
length of 5-20 wm were purchased from Nano Lab (Waltham,
MA, USA). Triton™ X100 was used as a surfactant, N, N-
dimethylformamide (DMF, >99.9 %) was used as a solvent,
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) was
the ionic liquid (IL), and 2,2-dimethoxy-2-phenylacetophonene
(DMPA) was used as a photoinitiator (Sigma-Aldrich, Milwaukee,
USA). TRIGONOX 12C75, a thermal initiator, was purchased from
Akzo Nobel Functional Chemicals AB (Chicago, USA).

Conductive electrodes were developed by dispersion of
non-covalently functionalized MWNTs into a photo and thermal-
curable photopolymer. The amount of MWNTs was selected to be
above the percolation conductive network [31,34]. First, 5wt% of
MWNTs were non-covalently functionalized through their disper-
sion into a solution of Triton X100 and DMF with a ratio of 1:350.
This solution was blended using a sonicator (Q700, Qsonica, New-
town, CT, USA) for 20 min under the pulse mode (60s on and 10s
off). After functionalization, the TangoPlus was added to the solu-
tion to generate a 5 wt% nanocomposite solution. This mixture was
stirred on a hot plate magnetic stirrer at 80°C and 400 RPM for
48 h to evaporate the solvent. Finally, 4 wt% of TRIGONOX 125C75
was added to the mixture and blended using a high-speed mixer
(DAC 150.1 FVZ-K, FlackTek Inc. Landrum, SC, USA) at 2500 RPM for
5 min. The pressure-sensitive composite was prepared by blending
EMIBF4 and CN9021 using the high-speed mixer also at 2500 RPM
for 5 min. 2 wt% DMPA was also added to the mixture using a mag-
netic stirrer to generate reactive species during exposure to 365 nm
UV light and to facilitate the photopolymerization.

2.2. Fabrication of anthropomorphic finger

The whole finger manipulator schematic consists of three main
parts: SMA plates, multilayered tactile sensors, and electrical insu-
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Fig. 2. a. (i) Fabrication of the first mold to create the inner part of the finger: exploded and assembled view for SMA, (ii) Inner finger assembly after molding, (iii) Ther-
mal/electrical insulator tubes for the SMA plates. b. 3D printing a tactile sensor on the inner molded part. c. Placing the inner mold part in the outer mold. d. (i) Assembled
underwater manipulator schematic, (ii) The final assembled manipulator compared with human finger, (iii) Top view of each ‘U’ shaped SMA actuator that was cut from a
1 mm thick plate using an electric discharge machine, (iv) Top view of tactile sensor’s upper and lower layers (unit: mm).

lators (Fig. 2). Two main molds and one 3D printing step were
created to make the whole manipulator (Fig. 2a—c). In the first mold
(Fig. 2a(i)), there were two parts; the outer part was for creating
the finger shape, and the inner part was to house the SMA actua-
tors with the sensor 3D-printed on the outer surface of the inner
part. An outer mold was created from a 3D human finger model,
which was 3D printed (Cube X Trio, 3D Systems, Rock Hill, USA)
with polylactic acid (PLA) material.

Pol-Ease® 2450 was applied to the 3D printed molds for easy
release. The two components of the PT Flex 20 were mixed with
a 1:1 ratio using the high-speed shear mixer, which also helped
to remove air bubbles trapped in the mixture during handling.
Because each SMA actuator was to be Joule heated, two ther-
mal/electrical insulator tubes were embedded within the inner
with an American Wire Gauge of 4 (Delfingen, Rochester Hills, USA).
These insulators surrounded the SMA actuators and prevented the
finger skin material from melting when the SMA actuators were
heated and also electrically isolated the actuators from each other.
Additionally, the insulating tubes were left open at the base and tip
to enable water to flow through and cool the actuators as the finger
was flexed and extended underwater.

After placing the insulating tubes into the inner finger assem-
bly, the prepared rubber material was cast at room temperature.
The inner part was ready to remove from the mold after 90 min.

Then, the flexible tactile sensor was 3D printed on the molded part
(Fig. 2b), described in the following section, to provide feedback
for the nonlinear fingertip force controller. The molded inner part
(Fig. 2c) was next placed in the outer mold to produce the final fin-
ger part with the integrated tactile sensor for detecting fingertip
forces.

2.3. Tactile sensor fabrication

A pressure-sensitive taxel was fabricated using a hybrid addi-
tive manufacturing process, including repeated molding and direct
printing [35]. As shown in Fig. 2b, the fabricated taxel consisted of
three main components; a casted pressure-sensitive polymer (blue
in Fig. 2b) sandwiched between two layers of directly 3D-printed
stretchable electrode strips (red in Fig. 2b).

Using the developed three-axis direct-print photopolymeriza-
tion machine [31,34], the parameters (speed, flow-rate, and nozzle
size) were adjusted to print electrode materials with 1 mm width
and the pattern shown in Fig. 2d(iv)). This taxel acted like a
mechanoreceptor in the skin, that was formed with the crossing
electrodes and the sensing composite, which could be potentially
extended to any size (20 mm x 10 mm in this paper, Fig. 2 d(iii-iv))
or as many taxels as desired by having additional crossing elec-
trodes [36]. By incorporating this sensor into a Wheatstone bridge,
it was possible to correlate the voltage change to an externally
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applied force that deforms the sensor. After fabrication of the sensor
and connecting the electrical wires, it was then fully embedded into
the finger body by the final casting of the soft urethane material, as
shown in Fig. 2c to form the finger (Fig. 2d(i-ii)).

2.4. Nonlinear force controller architecture

A nonlinear force controller was developed using an outer feed-
back loop to create a force error signal along with two inner current
control loops using MOSFETSs to Joule heat the flexor and extensor
actuators (Fig. 3). The outer force control loop was based on the
error:

e:FD—F (1)

defined as the difference between the desired force (Fp) and the
force (F) measured by the directly printed tactile sensor.
Next, an error manifold was formulated as:

s=I<p€+K1/€dt+KDé (2)

where Kp, Kj, and Kp are the proportional, integral, and derivative
gains, respectively. S was saturated at maximum permissible lev-
els (+0) to enable high gains and aggressive minimization of force
tracking error. By design, heating the flexor actuator minimized
positive force errors whereas heating the extensor minimized neg-
ative force tracking errors because the actuators apply forces in
opposing directions (Fig. 1). Hence, the control laws for each SMA
actuator were never simultaneously active. The control laws for the
flexor and extensor actuators, 8 and &g, respectively are:

0,5>0

O = ofsat(S), of = 0.5<0 (3)
0,5<0

O = ogsat(S), of = 0.550 (4)

The positive values of manifold S were passed into the inner cur-
rent control loop for Joule heating the flexor SMA actuator (SMAg).
The current passing through the flexor actuator (Ig) was measured
with an ACS712 Hall effect sensor (Allegro MicroSystems) and was
used as feedback to control the current flow [31]. Thus, Joule heat-
ing the flexor actuator caused the finger to flex and increase the
applied force. Conversely, the negative portion of the manifold S
was passed through an absolute value function to become posi-
tive once again and enter another identical MOSFET current control
loop to heat the extensor SMA actuator (SMAg). Accordingly, the
current passing through the extensor actuator (Ig) was controlled
using feedback from another ACS712 Hall effect sensor. These two
control signals for Joule heating the flexor and extensor were mutu-
ally exclusive so that heating the flexor actuator caused the finger
to increase the force while heating the extensor actuator caused
the finger to reduce the applied force and extend.

The nonlinear controller for the robotic finger was implemented
in MATLAB/Simulink (The MathWorks) using the real-time win-
dows target kernel and a PCI-6221 card interfaced with a BNC 2090
connector block (National Instruments). The Hall effect and tac-
tile sensor signal sample rates were 1kHz, as was the control loop
update rate.

2.5. Experimental methods for nonlinear force control

The novel SMA-actuated robotic finger was mounted underwa-
ter within an aquarium (Fig. 7a). A pencil was also mounted within
the workspace of the finger to provide an appropriately sized object
upon which the finger could apply forces controlled by feedback
from the directly 3D-printed tactile sensor.

Step input tracking experiments were performed with seven
different amplitudes of desired force (Fp) ranging from 0.77N to
9.33 N. Four cycles of each step input amplitude were observed to
determine the ability to track a step input and to verify the ability to
control a range of fingertip forces. This range of forces was selected
to investigate the ability to precisely control relatively small finger-
tip forces to demonstrate the potential to delicately and accurately
grasp fragile objects. The highest force of 9.33 N was selected to
be well within the SMA material capabilities without causing any
plastic deformation.

Next, the finger was excited by sinusoidal desired force inputs
with high and low amplitudes of 6 N and 3 N, respectively. Five dif-
ferent frequencies of sinusoidal inputs were explored with both
high and low desired force inputs: 0.15,0.3,0.45,0.6,and 0.75 rad/s.
This produced ten experimental conditions with sinusoidal track-
ing experiments. The absolute mean error was calculated for the
sine tracking experiments to quantify the performance of the non-
linear force controller. A two-factor analysis of variance (ANOVA)
was performed to determine if the amplitude or frequency signifi-
cantly impacted the absolute mean error.

2.6. Application for EMG control of the robotic finger

To demonstrate an application of the finger to be controlled by a
person, electromyogram (EMG) was used as an input, which is the
first time EMG has been used to control an underwater manipulator,
to the best knowledge of the authors. EMG is a voltage related to the
level of muscle contraction and is commonly used to control pros-
thetic hands and in other tele-operated robotic applications [37,38].
In this paper, MyoLab II (Motion Control, Salt Lake City, USA) was
used to record, filter, rectify, and amplify the EMG signals from the
forearm of a person. EMG was recorded from two sites on the pos-
terior and anterior compartments of the forearm. The difference
between these two signals functioned as the desired force input
for the nonlinear force controller. In this intuitive manner, a per-
son could flex his or her wrist to cause the finger to flex and increase
the applied fingertip force. Conversely, extending the wrist would
cause the finger to extend and decrease the applied fingertip force.
This straightforward method of interpreting the human intention
to control the manipulator was demonstrated as an application for
tele-operated control of the submerged robotic finger.

2.7. Finite element modeling methods

The shape memory behavior of SMA was captured by a 3D con-
stitutive model proposed by Auricchio in the built-in library of
COMSOL Multiphysics software [31,39-42]. Table 1 summarizes
the material properties of SMA NiTi alloy [31,39,40]. The behavior of
the U-shaped SMA actuators was trained under displacement and
then was heated from 28°C to 72°C in step 1 (from 0—15s). Then
the SMA was cooled until 1.5s.

In the experimental studies, we focused on the effects of
different frequencies and different loads on the thermal-fluidic-
structural fields of the underwater manipulator. Therefore, it is
important to develop a model to predict the fluid, temperature and
displacement distributions and more deeply understand the func-
tionality of this complex system. The built-in COMSOL heat transfer,
fluid flow and structural mechanics module were used and coupled
together to simulate the Multiphysics phenomena of the underwa-
ter manipulator. The targeted object upon which the finger exerted
force was consistently assumed to be 3 cm away from the fingertip.
The Joule heating was quick, so the boundary and domain tempera-
tures of the SMA were assumed as 72 °C when the SMA was heated.
The internal water within the insulated cavities surrounding each
SMA actuator and the boundary of the SMA was assumed as 28 °C.
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Fig. 3. Nonlinear force controller for the finger using feedback from the directly printed tactile sensor. This was evaluated with three different kinds of inputs: steps, sinusoids,

and EMG signals.

Table 1

Mechanical and thermal properties used in comsol model.
Property Unit Value
SMA elastic modulus of austenite GPa 51.7
SMA elastic modulus of martensite GPa 42
SMA poisson’s ratio N/A 0.3
SMA hardening parameter, H MPa 85
SMA elastic limit, R MPa 192
SMA temperature scaling parameter MPa/QC 2
SMA maximum strain mm/mm 0.04
SMA thermal conductivity W/(m-°C) 18
SMA average heat capacity 1/ kg-QC 320
SMA martensite start temperature °c 28.6
SMA martensite finish temperature °c 48.8
SMA austenite start temperature °c 51.5
SMA austenite finish temperature °c 70.6
Viscosity of water Pa-s 8.90 x 1074
Cio MPa 0.4
Co1 MPa 0.1
Rubber density kg/m?3 1522
SMA density kg/m3 6450
Water density kg/m3 1000

To further understand the thermal-fluidic-structural mecha-
nisms of the underwater manipulator under different frequencies
and different loads, a computational simulation was used to
observe the distributions of the fluid, pressure, thermal and struc-
tural displacement under three different conditions: (i) 0.45 rad/s
with low (F.) amplitude sinusoidal desired force input of 3 N; (ii)
0.45rad/s with high (Fy) amplitude desired force input of 6 N; (iii)
0.75rad/s with high (Fy) amplitude desired force input of 6 N. These
correspond to several key conditions used during the sinusoidal
tracking experiments.

The flow of the underwater system was assumed to be lam-
inar Newtonian, viscous and incompressible. The Navier-Stokes
equations in Lagrangian-Eulerian formulation were used as the
governing equations [43-45]:

Aoy _

W-i-v-(,ofu)_o (5)

a(‘a’i") + pp(u — um)V) - u — p(V((Vu+ (Va)')
+V-p—poghr(T-To)=0 (6)

where t is the time, oy is the fluid’s density, u is the velocity vector,
uy, is the mesh velocity due to the movement of the coordinate
system, w is the viscosity of the fluid, p is the fluid pressure, pg is
the reference density, g is the gravitational acceleration vector, 81 is
the thermal expansion coefficient of the fluid, T is the temperature,
T is the reference temperature, and V is the differential operator

with respect to the Eulerian coordinate. The heat transfer in the
entire manipulator system is described as [43]:

9(0;Cp.iT) Ly
ot

where the subscriptiindicates SMA and water, k; and G, ; represent
the thermal conductivity and specific heat of material at the ith
domain, respectively.

The structural deformations of the rubber finger and tactile
sensor materials were solved using a two-parameter incompress-
ible Mooney-Rivlin material model [46]. The governing equation
[44,45] for the solid can be described by the following equation:

- (piCp.iTu) = V- (k;VT) (7)

9% ds
Vo + Fs = ps 9 (8)
P =2(1-173)(Ac10 + Co1) (9)

where p; is the solid density, o is the Cauchy stress tensor, Fs is the
body force per unit volume, ds is the displacement of the solid, P is
the first Piola-Kirchhoff stress tensor, c1g and cg; are Mooney-Rivlin
material parameters, and A is the value of the principal stretches.
The wall between the solid and fluid experienced a load from the
fluid, given by [44]:

Fr=—n (—pl+ pn(Vu+(Va)")) (10)

where n is the normal vector to the boundary, and I is the identity
tensor. This load represents a sum of pressure and viscous forces.
The wall was assumed to be isotropic, linear, and nearly incom-
pressible. A uniform flow was assigned at the inlet and a pressure
boundary was assigned at the outlet. For the solid structural com-
ponents, the boundary conditions included fixed displacements at
the inlet, and free displacement of the wall. The targeted object
upon which the finger applied force was assumed to be rigid and
fixed.

3. Results
3.1. Step input force tracking

Illustrative data from the step responses with an amplitude of
7.78 N showed satisfactory force tracking ability, where each cycle
ran for 10s (Fig. 4(a)). At the beginning of each step, the error
increased sharply as expected (Fig. 4(b)), but this was rapidly min-
imized due to the action of the nonlinear force feedback controller,
which saturated at the maximum positive and negative permissible
levels to aggressively minimize the error (Fig. 4(c)). The electri-
cal current flow measured through each SMA actuator showed
cyclical patters on the rising and falling edges of each step: the
flexor actuator current (Ir) increased to apply and maintain finger-
tip forces whereas the extensor actuator current flow (Ig) increased
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levels to rapidly minimize the force tracking error. d. Current flowed through the
flexor SMA actuator (Ir) to increase and maintain the applied fingertip force whereas
current flowed through the extensor actuator (I¢) to decrease the fingertip force.

to reduce the applied fingertip force (Fig. 4(d)). The peak current
flow was saturated at 19.4A. Because the MOSFET voltage sup-
ply was a constant 5V, the peak power consumption was nearly
100W.

A consistent pattern emerged with each cycle of force appli-
cation during the step responses that were evaluated with seven
different amplitudes: 0.77, 1.55, 3.11, 4.66, 6.22, 7.78 and 9.33 N
(Fig.5). The robotic finger stably controlled fingertip forces over the
entire range from 0.77 N to 9.33 N with no overshoot observed at
any step amplitude and steady-state error was consistently min-
imal. A superposition of the seven step amplitudes revealed a
consistent SMA force control profile with slopes that were almost
identical on the increasing and decreasing portions of the force tra-
jectory tracking (Fig. 5(b)). The control process was recorded and
shown in supplemental 2.
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Fig. 6. a. [llustrative sinusoidal tracking data for the high and low amplitudes with
five different frequencies. b. Means and standard deviations of the sinusoidal track-
ing experiments with the high (Fy) and low (F.) amplitude desired force inputs of
6N and 3 N, respectively.

3.2. Sinusoidal input force tracking

The sinusoidal force tracking ability of the fingertip force con-
troller with high and low force amplitudes over the range of
frequencies from w=0.15, 0.3, 0.45, 0.6, and 0.75rad/s demon-
strated satisfactory error tracking abilities (Fig. 6(a)). The mean and
standard deviations of the sinusoidal tracking experiments with
the high (Fy) and low (F_) amplitude desired force inputs of 6N
and 3 N, respectively showed that all mean average error values
were under 0.3 N. Averaged across all frequencies of actuation, for
the low amplitude sinewave of 3N, the mean and standard devi-
ation error was 0.1440.067 N (Fig. 6(b)). For the high amplitude
sinewave of 6N, the overall mean and standard deviation of the
force error was 0.15+0.12 N. Thus, the mean errors as a percent-
age of the input amplitude were 4.6 % and 2.5 % for the low and
high amplitude forces, respectively. The two-factor ANOVA indi-
cated that neither the amplitude nor the frequency significantly
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Fig. 5. a. Step responses of the SMA actuated finger with force feedback from the directly 3D-printed compliant tactile sensor. Force tracking and steady state error were
satisfactory for all amplitudes. b. The slope of the increasing and decreasing forces were nearly identical for all step amplitudes, as demonstrated by the superposition of the

data.
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Fig. 7. EMG input to control the fingertip force. a. When the forearm muscles were relaxed, the desired force was nearly zero and the finger was not contacting the pencil.
b. As the wrist flexor muscle contracted, the desired force increased and the SMA finger responded by matching the desired force on each cycle of flexion and extension. c.
The force tracking responses of the SMA actuated finger consistently tracked the desired force specified by the EMG signals. d. The force tracking error was always less than

1N and the mean absolute error was 0.32 N.

impacted the mean absolute error over this range of operational
conditions (p > 0.05).

3.3. Electromyogram control of the submerged robotic finger

Aperson was able to capably control the desired force using EMG
as the input to the nonlinear controller. When the person’s fore-
arm muscles were relaxed, the desired force was near zero, and the
finger was not contacting the pencil (Fig. 7a). As the wrist flexor
muscle was contracted (Fig. 7b), the desired force increased and
the SMA finger responded by matching the desired force (Fig. 7c).
As the person repeatedly flexed and extended his wrist, the soft
robotic finger responded by flexing and extending, reliably tracking
the EMG input signal. The force tracking error of the SMA actu-
ated finger during this demonstration never exceeded 1N and the
mean absolute error was 0.32 N (Fig. 7c). Video of the EMG control
experiment was recorded and shown in supplemental video 3.

3.4. Finite element results

A comparison between the experimental and simulated motions
of the flexor actuator showed that Joule heating the SMA caused
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Fig. 8. The experimental and simulated motions of the flexor actuator showed that
Joule heating the SMA caused the finger to flex. a (i) The actual SMA shape. (ii) The
simulated displacement field at the initial stage. b (i) The actual SMA shape. (ii) The
simulated displacement field at 1s. c (i) The actual SMA shape. (ii) The simulated
displacement field at the last stage.

the actuator to flex; the displacement increased for approxi-
mately 1s, and then it relaxed slightly (Fig. 8). The absolute mean
error between the simulated and experimental displacement was
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Fig. 9. Thermal-fluidic-structural system of an underwater manipulator. a. The fluid field of the environmental water in which larger arrows indicate higher velocity. The
pressure of the fluid on the finger surface showed an increasing trend with increasing input force amplitude and frequency. b. The velocity field of the SMA inside the water.
c. The thermal field of SMA in which red means a higher temperature, blue means a lower temperature. d. The displacement field of the sensor in which red means a higher
displacement, blue means a lower displacement. All conditions a-d were under (i) 0.45 rad/s with low (F.) amplitude desired force input of 3 N (ii) 0.45 rad/s with high (Fy)
amplitude desired force input of 6 N (iii) 0.75 rad/s with high (Fy4) amplitude desired force input of 6 N.

0.048 cm. The experimental video and simulation video were com-
pared and shown in Supplemental Video 1.

Fig. 9a shows the fluid and pressure fields underwater in
which larger arrows indicate higher velocities of the environmen-
tal fluid flow. The velocity and pressure changed slightly under the
two different amplitudes (Fig. 9a (i-ii)), while the overall veloc-
ity and the pressure on the finger's external surface increased
finger generated viscous drag force in the environmental fluid,
while the system was stable under both frequencies and ampli-
tudes.

Fig. 9b shows the velocity fields of the internal water surround-
ing the SMA actuators within the finger. The results showed that
the water flowed outward from two sides of the SMA actuator cav-
ities as the actuator flexed, and the velocity increased from 3 mm/s
under the low force amplitude condition (Fig. 9b(i)) to 5mm/s
under the high amplitude condition (Fig. 9b(ii)), which yielded a
larger fingertip displacement (d,, Fig. 9d(ii)) compared to the low
amplitude case (dq, Fig. 9d(i)). Then, the exit velocity of the fluid
within the SMA actuators increased from 5 mmy/s to 12 mm/s with
the 0.75rad/s frequency (Fig. 9b (iii), which produced a smaller
actuator displacement (ds3, Fig. 9d(iii)). This interesting observa-
tion is consistent with experimental results, where the sinusoidal
tracking error increased with the highest frequency and amplitude
experiment (Fig. 6(b)).

Fig. 9c shows the thermal field of SMA in which red means a
higher temperature, blue means a lower temperature. The results
showed that the red region had a maximum temperature of about
72°C and then it cooled down to 28°C with the 0.45rad/s fre-
quency (Fig. 9c (i)). The same trend could be seen in Fig. 9c (ii).
However, there were some areas around 30 °C with the 0.75rad/s
frequency (Fig. 9c (iii)), which indicated that the phase transition
of the SMA was not fully completed (Table 1). This also correlates
to the larger tracking error observed with the high frequency and
high amplitude tracking experiments (Fig. 6(b)).

Fig. 9d shows the displacement field of the sensors in which red
means a higher displacement, blue means a lower displacement.
The results showed that the displacement (d;) was smaller than
the high amplitude/low frequency simulation (d;) so the distance
between the sensor and the object with the low amplitude force
input was higher (Fig. 9d (i-ii)). With the high amplitude/high fre-
quency of 0.75rad/s, the displacement (ds, Fig. 9d (iii)) was lower
than that with 0.45 rad/s (dy, Fig. 9d(ii)). This is corroborated exper-
imentally by the larger mean force tracking error that was observed
in the high frequency/high amplitude cycles in comparison to the
other conditions that were tested (Fig. 6b). Because the exit veloc-
ity of the water surrounding the SMA actuators was faster with the
high frequency/amplitude sine input, there was less water mass
available within the finger to rapidly cool the flexor actuator after
the heating cycle. This produced an incomplete phase transition
of the SMA material, resulting in smaller deformation and corre-
sponding lower applied force, producing larger tracking error in
the experimental results (Fig. 6b).

4. Discussion

In this study, we developed a multi-layered tactile sensor on
the housing for the SMA plates that were trained to take a curved
shape to achieve force control of the underwater robotic finger.
Results showed that the soft robotic finger has promising potential
to precisely manipulate delicate submerged objects using feedback
from the compliant, multi-layered tactile sensor through the newly
developed nonlinear force control system. The step and sinusoidal
experiments showed satisfactory force tracking ability, and the
action of the nonlinear force feedback controller rapidly minimized
the error.

Some prior techniques have been developed to assemble sensors
onto underwater manipulator systems [47,48]. Although assem-
bled sensors could provide force feedback for the manipulator
systems, the procedures include multiple steps to assemble the
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sensor in the system and waterproofing sensors is a challenge. The
method to directly print the stretchable sensor onto the SMA actu-
ator mold in this paper is a much simpler technique as it can be
accurately designed by 3D modeling and directly 3D-printed as part
of a reliable and repeatable manufacturing process. The embed-
ded sensor was sufficiently robust, waterproof, and the printing
procedure could be much cheaper than traditional methods involv-
ing multiple assembly steps. In these aspects, the embedded force
sensor design and printing process presented in this paper has a
significant advantage.

Additionally, the nonlinear controller, which enables precise
fingertip force control using feedback from the compliant tactile
sensor, could be used to grasp delicate objects underwater, and the
finger itself has high compliance inherently due to the soft and flex-
ible manufacturing process [49,50]. This grasping device not only
acts as a soft gripper but also provides real-time force feedback
control to prevent inadvertent damage.

In this study, the EMG control system for the underwater manip-
ulator has also shown proof of concept for a new method to
proportionally control the grip force of a submerged manipula-
tor by adapting an intuitive biosignal processing technique from
biomedical applications into the underwater domain [51-53]. This
has provided a new option for people to remotely control the grip
force of underwater manipulators, which has not been previously
published, to the best knowledge of the authors. Furthermore, this
novel finger could be scaled up in the future to create a dexter-
ous multi-digit hand manipulator [54] for more complex tasks and
could be coupled with sophisticated EMG pattern recognition algo-
rithms for dexterous control capabilities [55].

New in this paper was also the development of a 3D
finite element mathematic model considering the thermal-fluidic-
structural multi-physics behavior of the manipulator underwater.
It not only verified the shape memory behavior of the SMA actua-
tor, but also provided an explanation for the interaction between
the cooling rate and Joule heating of the flexor and extensor SMA
actuators underwater. It is still challenging to design soft grip-
ping manipulators that undergo active deformations; hence this
new modeling approach could be useful for guiding the design of
new underwater manipulators with different material properties
deployed in diverse environments and control situations. To take
all the factors into account, the dynamical performances of the soft
manipulators with arbitrary geometries as well as the active con-
trol schemes need to be determined jointly with the induced fluidic
motions. For example, the higher environmental fluidic veloci-
ties produced by the high-amplitude finger motions (Fig. 9 a(iii))
could induce more disturbance of silt compared to the low ampli-
tude finger motions (Fig. 9 a(i)), which can visually occlude the
grasp site and impede tele-operated control of the manipulator.
To enable a multidisciplinary understanding of improved gripping
mechanisms, a blend of experimental studies coupled with accu-
rate modeling and simulations in design, fabrication, analysis, and
optimization is needed. The scale of the design space for soft robotic
manipulators with integrated stretchable sensors, particularly for
underwater applications, is truly daunting. The newly developed
3D model for this actuator could help guide future innovations in
this challenging field.

5. Conclusion

An SMA-driven anthropomorphic underwater robotic finger has
been designed and manufactured with an embedded tactile sensor
that was directly 3D-printed within a hybrid manufacturing pro-
cess. The embedded sensor was sufficiently robust, and the printing
procedure could be much cheaper than traditional methods involv-
ing multiple assembly steps. The nonlinear force controller worked

successfully using tactile feedback from the stretchable sensor
to rapidly minimize tracking error and provide stable grasp per-
formance. Based on the closed-loop feedback from the directly
3D-printed tactile sensor, both step and sinusoidal tracking exper-
iments demonstrated satisfactory error minimization while the
novel finger was actuated underwater. Additionally, a person was
readily capable of controlling the desired force with high accuracy
using EMG signals. The thermal-fluidic-structural multi-physics
behavior of the manipulator underwater was explained by a 3D
finite element model, which not only verified the shape memory
behavior of both actuators, but also provided a new method to
understand the interaction between the cooling rate and Joule heat-
ing of shape memory actuators underwater. In summary, the novel
manipulator system with the directly 3D-printed tactile sensor has
promising potential to delicately grasp fragile objects underwa-
ter.
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