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Abstract

Highly deformable bodies are essential for numerous types of applications in all sorts of environments. Joint-like structures
comprising a ball and socket joint have many degrees of freedom that allow mobility of many biomimetic structures. Recently,
soft robots are favored over rigid structures for their highly compliant material, high-deformation properties at low forces,
and ability to operate in difficult environments. However, it is still challenging to fabricate complex designs that satisfy
application constraints due to the combined effects of material properties, actuation method, and structural geometry on the
performance of the soft robot. Therefore, a combination of a rigid joint and a soft body can help achieve modular robots with
fully functional body morphology. Yet, the fabrication of soft parts requires extensive molding for complex shapes, which
comprises several processes and can be time-consuming. In addition, molded connections between extremely soft materials
and hard materials can be critical failing points. In this paper, we present a functionally graded 3D-printed joint-like structure
actuated by novel contractile actuators. Functionally graded materials (FGMs) via 3D printing allow for extensive material
property enhancement and control which warrant tunable functionalities of the system. The 3D-printed structure is made of
3 rigid ball and socket joints connected in series and actuated by integrating twisted and coiled polymer fishing line (TCPp; )
actuators, which are confined in the FGM accordion-shaped channels. The implementation of the untethered TCPy; actuation
system can be highly beneficial for deployment in environments that require low vibrations and silent actuation. The fishing
line TCP actuators produce an actuation strain up to 40% and bend the joint up to 40° in any direction. The TCPy; can be
actuated individually or as a group to control the bending trajectory of the modular joint, which is beneficial when deployed
in areas that contain small crevices. Obtaining complex modes of bending, the FGM multidirectional joint demonstrated a
great potential to achieve different functionalities such as crawling, rolling, swimming, or underwater exploration.
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Introduction

Recently, functionally graded materials (FGMs) are taking
the lead over composite bulk materials due to the variation of
their properties such as elastic modulus, stiffness, and extent
of deformation. The smooth transition of material’s stiffness
Ar.mita Hamidi and Yara Almubarak have equal contribution for gradient and controlled mechanical properties eliminates
this work. the drawbacks of conventional composites such as interface
Electronic supplementary material The online version of this problems [1]. Delamination or failure of components is one
article (https://doi.org/10.1007/s42242-019-00055-6) contains of the problems that generally occur in a region where there
supplementary material, which is available to authorized users. is a sharp transition of material properties, especially at the
joints and linkages. Weak bonding is another problem at
an interface between dissimilar materials. FGMs can cre-
ate stronger bonds and reduce residual and thermal stresses
Humanoid, Bio-robotics and Smart Systems (HBS) by eliminating material discontinuities [2]. Many biological
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rigid materials such as teeth or bone [3] into soft tissues to
achieve optimum performance. The combination of mus-
cles, bones, cartilages, and ligaments in the musculoskeletal
system is one of the natural examples of FGM structures.
For example, Monzon et al. [4] discussed the capabilities of
FGM for building scaffolds that can be implanted directly
in human body for osteoarthritis treatment. In animals, the
angle and compliance of the joint for bending are directly
dependent and controlled by the muscles surrounding it [5].
Zhang et al. [6] and Ji et al. [7] discussed the utilization of
3D printing in tissue engineering for developing cartilage,
bone, and skin, but it is still challenging to combine all of
these parts to construct an organ with required function-
ality by a single fabrication process, i.e., combination of
bone and cartilage in a joint structure. On the other hand, in
order to build a system that resembles the tissue structure for
robotic applications, the actuator needs to be flexible enough
to deform easily within the structure.

To date, many artificial musculoskeletal systems are pre-
sented that are controlled by different actuation technologies
such as motor-based tendons [8, 9], pneumatic artificial mus-
cles [10-13], and twisted and coiled polymer (TCP) muscles
[14, 15]. Complicated actuation systems such as electrical
motors ranging from stepper to servo and air/water supply
units in pneumatic/fluidic actuators limit the size and space
of the bioinspired design [10], making it inconveniently
bulky, heavy, and expensive. Therefore, the research is ongo-
ing for developing new actuators or actuation mechanisms
to power soft robots. For instance, Robertson and Paik [16]
developed a foam-based vacuum-powered actuator that has
multiple degrees of freedom (DOF). They showed different
functions including multimodal locomotion, gripping, and
stiffening through granular media jamming, which could be
accomplished by combining these vacuum-powered mod-
ules. In another study [17], a tendril-like soft robot based
on the osmotic actuator (the electrosorption of ions on flex-
ible electrodes) is presented. It was demonstrated that this
plant-shaped soft robot can achieve a reversible increase in
bending stiffness by increasing the power, although it takes
arelatively higher actuation time (1 hour) compared to other
methods.

Shape memory alloys (SMAs), dielectric elastomers
(DEs), and twisted and coiled polymer actuators (TCPs) are
other popular actuators for use in soft robots, since they can
be easily inserted or embedded into the soft structures. The
ability to obtain multiple independently controlled chan-
nels can be used in many applications that need multi-DOF
systems such as finger joint in prosthetic hands [18]. Rans-
ley et al. [19] 3D-printed a chainmail fabric structure that
included several individual solid links containing NiTi coils
nested within a spring steel. The structure contracted when
actuated and transformed from a curved drape profile to a
rigid cantilever.

Regarding new polymeric muscles, TCPs are developed
by Haines et al. [20] by coiling inexpensive high-strength
polymer fibers after extreme twist insertion. Almubarak
and Tadesse [21] obtained different soft morphed structures
by embedding these TCP actuators in soft silicone skins
with different thicknesses and actuating them at different
input power. Wu et al. [22] designed and developed a sin-
gle musculoskeletal joint actuated by TCP artificial muscles
fabricated from fishing line and nichrome wire. They used
silicone molding and multistep assembly to form channels
around a rigid 3D-printed ball and socket joint and inserted
TCPs in them. Recently, Tang et al. [23] have also used the
same principle and presented a simple soft crawling struc-
ture by embedding TCPs in silicone. They also developed a
soft robotic module using 3 TCP actuators placed through
channels inside a cast silicone in another work [24]. This
robotic module was controlled based on a temperature
feedback control system. However, they mentioned some
problems in the trajectory control of the structure when the
muscles are actuated such as slow response due to the very
long time required for complete cooling of the TCP, and
limited bending angle due to the rigidity of the whole body.

One of the important aspects related to the functional-
ity of a soft robot is the adaptation to the working environ-
ment based on the application. An integrated design with
appropriate selection of materials, actuators, and control
system can effectively make the soft robots highly capable.
The key challenges are movement and stiffness modulation,
which are both required for an effective demonstration and
control. Nowadays, modulation or control of the stiffness is
essential in soft robots [25]. For instance, Bartlett et al. [26]
presented a 3D-printed functionally graded robot that can
autonomously jump a height up to 0.76 m and demonstrated
horizontal jumping up to 0.15 m distance. The stiffness gra-
dient provided the necessary rigidity to transfer the impulse
of combustion to generate effective jumping, and the compli-
ance of the base absorbed and dissipated the energy of the
landing impact.

The motivation of our work is to create a bioinspired joint
that eliminates constraints such as manual assembly, actua-
tion system, and control of a robotic structure with multiple
joints. In this regard, we presented the design, fabrication,
and characterization of a modular cascaded joint powered
by electrically driven self-coiled fishing line TCP actuators
(Fig. 1). By taking advantage of multimaterial 3D printing
technology, tuning the structural properties and the geometry
that is suitable for the soft actuator, we were able to create
different actuation modes. Therefore, a full characterization
on self-coiled fishing line TCP with nichrome heating wire
(TCPEI&) actuators is also performed. Moreover, a circuit is
designed and developed to control the robot wirelessly via
Bluetooth. Finally, we have shown that a combination of
fishing line TCP muscles and the modular 3D-printed joint
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the detailed joint structure and dimensions and d fishing line TCP with nichrome wire

has many potential applications, such as serving as medi-
cal robots, inspection and exploration systems, snake-like
robots, underwater manipulators, and underwater swim-
ming robots. The highlights of this work are summarized
as follows:

e Employing additive manufacturing through FGM
resulted in controlled properties of the structure during
fabrication. Setting the desired properties at specific
components and locations without long procedures of
fabrication or step-by-step assembly of a complicated
structure is the most significant improvement of using
this method to achieve the targeted bioinspired design.

e Self-coiled fishing line TCP with nichrome heating
wire, with an overall diameter of 2.8 mm, is character-
ized using three types of actuation methods: slow, fast,
and sequential actuation. Maximum actuation strains
up to 40% of its original loaded length is achieved at
300 g load at 0.16 A current input with 20 s heating
time (slow actuation, 16% duty cycle).

e Untethered actuation of the robotic structure is demon-
strated via a battery-powered circuit module consisting
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of wireless communication, switches, Arduino board,
voltage boost converter, and a laptop as a base station.

e The tuneable functionalities and various deformations
of the presented musculoskeletal system can be used
for many applications in a wide range of fields.

Materials and methods
Design and development of FGM joint

Taking inspiration from animalistic structures found in
nature and the work presented by Wu et al. [22], a system
of three cascaded joints is designed and created as shown
in Fig. 1a. A multimaterial 3D printer (Objet350 Connex3,
Stratasys) is used to directly print the functional body of
the robot by a single attempt and eliminating the need
for complex casting and molding techniques or assembly.
The three joints consist of ball and socket joints between
two bone-like structures that are also surrounded by four
hollow channels (8.6 mm diameter) (Fig. 1b). This design
allows users to take advantage of a wide range of motions
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(abduction—adduction, flexion—extension, and circum-
duction) due to the rotational degree of freedom of the
ball and socket design. FGM 3D printing can enhance the
mechanical properties of the structures and implementa-
tion of bioinspired design concepts. The ball and socket
joint is printed by a rigid material (Veroclear, tensile
strength of 50-65 MPa, 83—86 shore scale D [27]), and
the channels are printed by a stepwise gradient of nine dif-
ferent layers, creating a structure that transitions from fully
rigid (thermoplastic-like) to highly flexible (rubber-like)
soft material (TangoPlus, elongation at break of 218% and
27 shore scale A [27]). A range of mechanical properties
can be achieved by combining different materials at high
resolution as shown in other works [28, 29]. By digitally
combining two different materials, we are able to build
the functionally graded channels. Each channel is divided
into 9 equal segments from top to bottom, each 2.2 mm
in length. Then, different ratios of soft and rigid material
were assigned to each segment. The top and bottom of
the channels are 3D-printed by 100% rigid material, and
the next layer is 90% rigid material combined with 10%
soft material. This order continues until the middle sec-
tion reaches 100% soft material. The stiffness of the four
channels is changed from softest at the center to the stiffest
at the connection spots with the end flanges as shown in
Fig. lc. The accordion channel design with a 1-mm thick-
ness and the stiffness gradient provided a good bending
deformation of each channel. If thinner smooth cylindri-
cal channels were used within this design, the material
would simply fail when the channels are deformed. Over-
all, the center, top, and bottom caps of the joint made by
this method have the highest stiffness, the same as the one
presented by Wu et al. [30], while the channels in this
work are functionally graded and soft enough to bend. For
the driving component, four self-coiled fishing line TCP
actuators coiled with nichrome wire (Fig. 1d) are arranged
in a symmetrical manner about the circumference of the
FGM 3D-printed structure. The TCPy; actuator fabrication
and characterization for driving the joints are described in
the following section.

Self-coiled fishing line with nichrome wire TCP{,
actuator fabrication and characterization

The fabrication of the actuator (general information found
in Table 1) was conducted following the work process intro-
duced in [22]. It consists of several simple steps as shown
in Fig. 2a. First, a twist is inserted into the precursor fiber.
The precursor fishing line (d=0.8 mm, L=1100 mm) is
connected to a motor on the one end and a stopper on the
other end, keeping the fiber in tension using 500-g load.
The motor is activated to rotate counterclockwise to fully
incorporate a twist into the fiber. Once the fiber starts coiling

Table 1 Self-coiled fishing line actuator information

Material

Nylon (6,6) fishing line

Type of actuation

Type of resistance wire

Electrothermal

Nichrome (nickel, chromium)

Resistance wire diameter d,,=80 um
Precursor fiber diameter d=0.8 mm
Length of precursor fiber [=1100 mm
Weight for fabrication m=500g
Annealing temperature/time T,=180 °C/90 min
Diameter after coiling D=2.8 mm
Length after coiling L=170 mm
Resistance R=360Q

Current (input) 1=0.16-0.32 A
Voltage (output) V=57.6-1152V
Actuation power P=9.2-36.8W
Heating time 1, =20-1s
Cooling time 1.=100-9 s
Heating energy E,=184.32-36.81]
Actuation frequency f=0.16-0.1 Hz
Actuation strain, at 300-g load &=38-10%
Blocking force F,=800¢g

2400 cycles in air at 9 mHz and
1% duty cycle, expected to have
similar lifecycle as in [22]

Life cycle

(fully twisted), the motor is stopped. The second step is add-
ing the nichrome wire. Here, the nichrome wire (d,, =80 pm)
is incorporated using a rod that controls the pitch of the
wire. In order to fully incorporate nichrome without coil-
ing the tensioned precursor fiber, the stopper is removed,
allowing the fishing line to untwist partially. Once the wire
is fully integrated throughout the length of the precursor, the
third step of coiling can begin by adding the stopper again.
After coiling, the fishing line is crimped on both ends and
annealed in an oven for 90 minutes at 180 °C. The anneal-
ing process helps the newly fabricated actuator permanently
retain its coiled shape. The final step of the fabrication pro-
cess is the training phase. The muscle is actuated with the
desired load until it reaches steady-state actuation cycles.
The development of new actuators requires extensive
experimentation in various scenarios to understand their per-
formance and application capabilities. Experimental charac-
terization of the fabricated TCP actuators based on fishing
line was conducted (loaded length L =190 mm, diameter
D =2.8 mm, resistance R=360 Q). The experimental setup
and schematics are shown in Fig. 2b. The experimental setup
includes the fishing line actuator fixed on one end and con-
nected to a slider and calibrated weight on the other end.
A Keyence laser displacement sensor is used to measure
the actuation strain. Thermocouples and NI DAQ 9219 are
used to measure the temperature while actuating. NI DAQ
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Fig. 2 Fishing line TCP with nichrome wire: a fabrication procedure and b isotonic test characterization setup

9221 is used to measure the output voltage due to change of
resistance while actuating. A power supply is used to provide
constant input current programmed at various time intervals
and sequences. The pre-stress parameter was kept at a con-
stant 300-g load. Three tests were conducted each at 3 input
current variations. The first test (left green column) exam-
ined the actuation in a period of 3 pulses, at 0.12 A, 0.14 A,
and 0.16 A input current (each pulse was of frequency
f=0.16 Hz, heating time f, =20 s, cooling time #,= 100 s).
Figure 3a shows the cyclic actuation results in which the
actuator produces ~ 13%, 24%, and 36% actuation strain
at the 0.12 A, 0.14 A, and 0.16 A input currents, respec-
tively. The temperature plot shown in Fig. 3b is an important
aspect in studying the actuation behavior of the self-coiled
fishing line muscle. It is observed that the increase in tem-
perature results in higher actuation. In general, the results
of this experiment highlight the impact of input energy
(E=VIt=V*/R, the voltage, current and heating time, and/
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or constant resistance) on the performance of the actuator.
Data gathered in the experiment indicated that the increase
in heating energy will result in an increase in the actuation
strain and temperature.

The heat transfer equation presented in Eq. (1) allows
us to predict the temperature in relation to several param-
eters such as the temperature of the actuator 7°(¢) at time
t, the ambient room temperature 7, the resistance of the
actuator at room temperature R,, the input current i, the
cross-sectional area of the precursor fiber of the actuator
(nylon) A, the mass of the actuator m, the specific heat c,, the
temperature coefficient for the resistivity a, the convective
heat transfer coefficient 4, and ¢ which is the heating time:

mC,T = "R—hA(T - T,,) (1

The correlation between the simulated and experimen-
tal results helps in reducing the experiments conducted to
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Fig.3 Time domain plots of experimental characterization of the
self-coiled fishing line. a Left: slow actuation of 20-s heating and
100-s cooling. b Middle: fast actuation of 2-s heating and 50-s cool-

study the actuator and allows the prediction of the maximum
actuation parameters (input current, heating time, cooling
time) that can be used before the nylon reaches its melting
temperature and fail. On the other hand, by assuming that

the resistance changes due to the temperature change, Eq. (2)
can be used:

R(t) = Ry[1 + a(T(t) - T,,)] @)

ing. ¢ Right: sequential actuation of 5-s heating and 50-s cooling. (I)

Actuation strain. (II) Temperature. (III) Power. (IV) Resistance. (V)
Hysteresis

The temperature coefficient of resistance of the nichrome
wire is a=579x 107° 1/°C [31]. Figure 3a—c, iii, all results
in the fourth row, shows the results of change of the resist-
ance while actuating. These results indicate a significant
change caused by the increase of resistance due to the
heating and cooling parameters. The increased resistance
is a result of the rise in temperature and increased contact
between the coils as seen in other studies. The first set of
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experiments presented in the far-left column of Fig. 3 show
the great strain (40%) potential of the actuator at three differ-
ent currents at frequency f=0.008 Hz and duty cycle of 16%,
(heating time £, =20 s, cooling time 7, =100 s). Many appli-
cations suggested for the presented musculoskeletal design
require a fast-compliant mode of actuation rather than higher
strain. Therefore, another set of experiments were conducted
based on the observations from the previous results. The
middle (blue) column presented in Fig. 3 shows the results of
0.22 A, 0.26 A, and 0.30 A input current magnitudes (each
pulse was of frequency f=0.019 Hz and duty cycle of 4%,
heating time #, =2 s, cooling time #,=50 s). The actuator
was able to reach an average strain between 2 and 10% as
demonstrated in Fig. 3b-i, by reducing the heating time and
doubling the input driving power. The general decrease in
actuation strain is a result of the reduced heating tempera-
ture (Fig. 3b-ii), due to the shorter heating time. Therefore,
a third set of experiments are conducted as shown in the
right column of Fig. 3 (orange column), which involves step-
ping the input power at a low heating frequency (3 pulses,
two heating and one cooling). The first pulse heating time
is t;, =4 s, the second pulse heating time is #, =1 s, and the
last cooling time is #,=150 s. It is observed that in this case,
the actuation strain has increased almost double that of the
previous set of tests while still maintaining a fast actuation
frequency. According to Fig. 3c-ii, the actuator was able
to reach higher temperatures at almost 100 °C compared
to Fig. 3b-ii where it only reached a maximum of 80 °C.
The balance between increasing the heating temperature
and maintaining a practical actuation strain is critical for
the functionality of the muscles when heated. While still
maintaining the same input power, in the last two sets of
experiments (Fig. 3b-ii to c-v), by sequencing the power
input into multiple pulses, we are able to achieve almost
double the strain by 20 °C increase in temperature. In the
three cases, the TCPy; does show an increase in hysteresis
as the frequency increases. These phenomena can be due to
the different factors such as insufficient cooling times, pre-
stress loading, input power, and the temperature of the test-
ing environment. Since the actuators are confined in tubes
inside the joint structure, heat dissipation while cooling is
often slower. Figure 3a—c, v, all the fifth row, shows the three
cycle hysteresis plots for low, medium, and high input power
for each case. It is observed that in the first case (Fig. 3a-v) a
consistent hysteresis of ~20 °C is seen for all the three input
currents during the three actuation cycles. For the second
case (Fig. 3b-v), it is observed that the hysteresis produced
for the lower currents was around 10 °C and 20 °C for the
higher input currents. At the higher input currents, there is
also a variation between the three cycles as the heat con-
tinues to accumulate due to shorter cooling times (for fast
actuation). Finally, in the third case, the hysteresis increased
to 30 °C for all three input current cases. It is also observed
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that the cooling time was insufficient as the number of cycles
increases. Several conditions can be conducted to reduce the
hysteresis of the actuation, one of which is decreasing the
frequency. In all cases, it is observed that as the frequency is
increased, the hysteresis is also increased. An ideal situation
would be heating the muscle at a slower rate and cooling it
down at a slower rate or using forced cooling for increas-
ing the cooling rate. The channels in the modular joints are
designed as a provision for cooling of the actuators either
by liquid or by cold air, which will be our future work. The
purpose of the current work is to study the characteristics at
slow actuation and fast actuation, which are associated with
the heating time and cooling time.

Controlling circuit

A circuit was developed to control the joint system with
all its components. The circuit consists of a wireless con-
trol module, a voltage regulator for muscle activation, and
a miniature air pump for forced cooling. An Arduino Uno
powered by a 9-V battery is used to control the movement
of the structure. Another 14.8-V battery is used to power
the two TCPy; muscles and the air pump. Relay switches
are used to control the TCPg; muscles and the air pump.
A Bluetooth module (HC-05) is used to wirelessly con-
trol the system through a laptop. The circuit schematic is
shown in Fig. 4. A program is developed and loaded to the
Arduino board that offers several actuation commands for
the TCPy; and air pump. A software called processing I°
is used to send those commands to the Bluetooth module
to activate the Arduino’s uploaded code. Since the TCP
actuators are high in resistance, they require voltages up
to 50 V to perform at their optimal potential. Each TCPp
is connected to a boost converter, which works by increas-
ing the battery voltage from 14.8 to 50 V. Each TCPg,
in the joint has a resistance of R=250 Q and a length
of 130 mm. As a result, with the 50 V provided from
the battery, the output current across the resistance was
I=0.2 A. A 3 V micro-air pump was used to cool down
the actuators after heating. This was done as a prelimi-
nary test, and we planned to do a systematic study on the
cooling rate and effect in the actuators in the future. A
voltage divider circuit was also created by using resistors
(~97 Q) to step down the battery’s 14.8-3.6 V for the
mini pump.

Results and discussion
To validate the versatility of the multidirectional FGM

joint, different experiments are performed. To start with,
a relation between the bending angle and the input power
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is studied. Figure 5a shows that the joint has the capa-
bility to bend to maximum 40° in different directions by
providing 0.22 A input current for 15 s. It is also observed
that actuating at lower input current (0.12 and 0.14 A),
for longer heating time (30 s), the joint is still capable of
reaching 20°-35° bending angle (Fig. 5a). Moreover, this

experiment confirmed that the 3D-printed FGM joint has
a consistent stiffness gradient in all sides.

The relation between the input power and the maximum
bending angle is presented in Fig. 5b. To achieve the maxi-
mum bending angle in each direction 13.5 W of power is
required, while the required force is 1.5 N (Fig. 5¢). How-
ever, by actuating the joint in opposite directions with the
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Fig.5 FGM joint actuation: a single actuation of the joint in left and right direction by increasing power from 0.11 to 0.22 A, b relation between
actuation angle, current, and power for bending the FGM joint, and c relation between the required force and the bending angle

“ON/OFF” power sequence, a bending bias is observed
which is the effect of insufficient cooling (due to the rela-
tively high frequency of actuation). This is an undesired
attribute for the various applications where the system will
be deployed unless an air pump is included. As a result,
developing a suitable sequential powering pattern can help
the joint to bend smoothly and equally in both directions
without the integration of an air pump. In sequential actua-
tion, first, one of the actuators (the right TCP) is actuated
using a two-stage heating pulse. Next, the opposite side
(left TCP) is actuated immediately after the first actuator is
turned off. This will bring back the structure to its original
position. A similar process is followed to actuate the joint
in the other direction. Figure 6a shows the actuator behavior
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using the sequential powering conceived for bending in
opposite directions. A similar trend is observed previously
in actuator characterization (Fig. 3c-i, ii); the increase in
the actuation strain and temperature will cause the joint to
bend more effectively at a faster rate. Trajectory planning
is an important aspect of the different applications for this
structure. The joint is able to accommodate up to 4 TCPs,
each located in its own confined channel. By actuating the 4
TCPs in a variation of sequences and times, we can control
the bending of the joint. Although it is not the focus of this
paper, trajectory planning is important for various applica-
tions. We have shown one example of the trajectory obtained
by the proposed structure experimentally. Figure 6b shows
the XY position plot of the joint with 4 muscles actuated to
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Fig.6 FGM joint actuation: a results of sequential powering of the joint for 3 continuous cycles and sequential powering pattern of fishing line
TCP muscle for bending the joint to opposite directions simultaneously, b trajectory control of the joint in multidirections

move in a heart curved path (supporting video information is
provided). A relationship can be found by developing posi-
tion analysis theoretically, as explained in supplementary
information in [22], and will be the main focus in future
work.

Different modes of bending can also be achieved by fix-
ing the joint at different points. For example, by leaving the
structure on a flat surface and using sequential actuation
with a high current of 0.2 A for 5 s and a lower current of
0.14 A for 10 s, the FGM joint is able to roll as shown in
Fig. 7a (following the blue points until they placed under
the structure after 40 s). Moreover, the gradient body stiff-
ness helps produce biomimetic body curvatures as shown
in Fig. 7b. The other applications of the joint can be for
underwater swimming or wing flapping in the air (Fig. 7¢).

These examples show that potential future applications
of the functionally graded joint system are wide spread.
We only demonstrated few of the usages in the laboratory
settings. Invertebrate animals, commonly called worms,
move in a wide range of ways across its length using mus-
cle expansions and contractions [30]. Inspired by these
animals and using TCPs as the actuator, a robotic structure
is developed which can expand, contract, and crawl. This
kind of motion helps the robot to operate in unstructured
environments such as pipes maintenance and diagnostic, or
for detection purposes by carrying sensors, cameras, and
payloads in dangerous environments such as where there is
uncontained gas or radioactivity risk. It can also be used for
medical applications such as surgical robotic tools. These
are some of the potential applications of such structures.
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Fig. 7 Different actuation modes and applications of soft modular
joint: a crawling motion on a flat surface, b biomimicry body curva-
ture, ¢ future application in biomimetic wing, e application in octopus
robot for grasping objects underwater, left new design with FGM arm

Figure 7e shows the functionally graded joint integration as
arms in a robotic octopus. Longer or shorter joints can be
printed to accommodate the integration process or directly
printed along with other structures. Unlike the soft silicone
arms that have been presented in the octopus arm, the inte-
gration of the joint with 4 channels to embed the actuators
adds more degrees of freedom to the arm bending. Above all,
the functionally graded and the ability to print rubber-like
structures solve the manufacturing problems of advanced
bioinspired robots. Another application that is presented is
the integration of a camera to the top section of the joint as
shown in Fig. 7f. Here, the joint was able to position the
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(left), CAD model of silicone arm made by casting silicone(middle),
physical prototype of arm made by casting and testing in water (right)
and f for monitoring and surveillance using the FGM structure and
mounting a camera

camera at different orientations due to the simulation of the
actuators by the driving circuit discussed earlier. This shows
that the system has great potential for monitoring and sur-
veillance. Similar to the octopus, the system can be extended
to be longer or shorter depending on the distance the camera
needs to cover. Movie 1 shows a combined video summary
of the bending achieved by the joint structure: first, a video
with the cyclic actuation experiment presented in Fig. 5a;
second, the rolling and multidirectional bending capabilities
presented in Fig. 7a; third, a video highlighting the trajectory
control presented in Fig. 6b; and lastly, a video presenting
the joint in the bent position with a camera (arduinoCAM)
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attached to the top section of the structure and the left and
right TCPg; muscles actuated simultaneously, also shown in
Fig. 7f. The camera is able to monitor up to 120° width (60°
on each side). If the joint system is used for monitoring and
surveillance, a quiet actuation system (silent actuation, with-
out noise) such as the TCPy; actuators is essential for health
operation. Other gear motors-based actuators or pneumatics
are not good candidates for such applications.

Conclusion

In this work, we have shown the fabrication, actuation prin-
ciples, and functionality of a functionally graded modular
joint actuated by TCP muscles. The idea of using cascaded
joints in order to amplify movements of the end effector
is investigated. Taking advantage of additive manufactur-
ing technologies, the bending properties are controlled in
the favorable direction within a complex 3D channel sur-
rounding a rigid ball and socket joint. Stiffness gradient
in the accordion-like channels improved the compliance
of mimicking the biological systems. The most advanced
fabrication, PolyJet technology was employed in single
session printing to manufacture the joint. However, this
method is expensive and still cannot reach the flexibility as
the cast joint [30]. The channels are designed to keep the
muscles inside, prevent heat loss when used in underwater,
and increase the efficiency of the actuation. These chan-
nels are also necessary to keep the muscles safe in different
environmental conditions such as underwater or cold aerial
environments. Moreover, the fishing line TCP actuator (with
nichrome wire as a heating element) is utilized for actua-
tion, which worked very well in actuating the FGM joint.
This polymer actuator resembles the tissue structure and
can be easily contracted within the bioinspired systems. A
complete characterization study of the TCPy; muscle under
various input power parameters is performed and shown in
Table 1 and Fig. 3. Later, the extracted data from the muscle
characterization experiment are used to develop a sequential
actuation pattern for the FGM joint to generate different cur-
vatures. Finally, the FGM joint achieved untethered locomo-
tion using the wireless circuit module. This circuit module
is proposed for further development to control and advance
the joint actuation. The optimized tether-less control can
enhance the performances of the musculoskeletal joint to
realize autonomous soft robot. All the presented perfor-
mance features are highly desirable for the system operation
in harsh environments. This class of FGM multidirectional
robots will be well suited for real-world applications and
tasks requiring continuous and dexterous deformation, while
still having safe interaction with human and environments.

Future work will include varying the material properties
further to match the desired attributes found in the molded

joints such as extremely elastic materials. Moreover, small
PCBs and electronics hub will be designed to replace the cir-
cuit for direct integration in the body of the system. Study-
ing path trajectory control such as feedback loop control
based on the actuator properties (temperature, strain, and
changes in the actuator resistance) will be developed for pre-
cise control and enhancement of the structure. We hope the
results presented in this paper can serve as a benchmark for
researchers who would like to explore similar works.
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