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inspired by gait-changing animals.[3–12] 
However, most were built of rigid com-
ponents that make the interaction of the 
robots with the environment unwieldy. On 
the other hand, soft robots based on smart 
materials and compliant structures have 
displayed great potential in complying 
with varying terrain and unplanned situ-
ations.[13–26] Therefore, the development 
of soft amphibious robots based on dif-
ferent soft actuation principles was natu-
rally carried out[4,8,25–27] and was found to 
be successful in navigating multimodal 
environments. Among the different soft 
actuation principles explored, various 
soft-body movements with shape memory 
alloy (SMA) wires have been achieved at 
a compact scale, including jumping,[17] 
crawling,[15,28,29] peristaltic,[30,31] swim-
ming[32], and even rolling[14]. SMA is a 
viable candidate material for soft amphib-
ious robots due to its highly manipulat-

able nature, which also allows for many types of shape defor-
mations. However, SMA-based soft amphibious robots with 
multiple modes of gait have not yet been developed.

The Phocidae family, commonly known as crawling seals, 
consists of eighteen species that exhibit an amphibious trait. 
Their high adaptability has enabled inhabitation in “almost 
every marine environment.”[33] Although their flipper-shaped 
limbs and their musculoskeletal structure imply a predomi-
nantly aquatic existence, seals spend most of their time on the 
beach during the breeding season.[34,35] Their ability to move 
across two distinct environments, ground and water, is an 
important feature that robots in exploration or reconnaissance 
missions should adopt. Hence, this study aims to design an 
SMA-based soft amphibious robot that can mimic the environ-
mentally adaptable gaits of seals.

This study presents a seal-inspired amphibious robot named 
SEALicone made of SMA-based smart soft composite capable 
of forwarding and turning locomotion on land and in water. 
To exhibit an amphibious trait, the SEALicone was designed 
to mimic the so-called “galumphing” gait (terrestrial locomo-
tion style) of the crawling seals and to perform an oscillatory 
gait at various frequencies for subaqueous locomotion. To carry 
out the multimodality, two types of SSC actuators, a backbone 
actuator and a support actuator, were developed and assessed 
for kinetic performance. In virtue of the synergetic deformation 
of these developed actuators, high friction, pivoting, and low 
friction, sliding motions of the robot were achievable for the 
terrestrial motion; and differential drag areas underwater were 
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locomotion styles that mimic those of the crawling seals. Straight advance 
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1. Introduction

There has been increasing attention to the development of 
amphibious robots operable both on the ground and under-
water. The amphibious capability allows robots to operate in 
and actively interact with diverse environments, making it pos-
sible to perform complex tasks, such as rescue or exploration 
missions. Multimodal amphibious robots especially stand out 
as they are highly environment-adaptable and can avoid inef-
ficient circumvention when operating in a situation where no 
single mode of gait is sufficient.

Some remarkable advances in the development of amphib-
ious robots include robots that achieve amphibious mobility by 
mimicking the gait transition mechanism of a salamander.[1,2] 
There have been many other amphibious robot designs 
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achievable for the subaqueous motion. The total four modes of 
locomotion styles of the robot—straight advance and turning 
motion on the ground and underwater—are demonstrated and 
evaluated.

2. Biological Inspiration and Robot Design

2.1. Bioinspiration and Locomotion Principle

The crawling seals are amphibious mammals capable of both 
terrestrial and aquatic locomotion (Figure 1a). They can achieve 
caterpillar-like terrestrial locomotion, termed as galumphing, 
by the feat of both dorsoventral undulation and the friction 
caused by the caudally directed fur that is in contact against 
the ground. The dorsoventral undulation is fully controlled by 
the wall musculatures of the trunk[33,34], as shown in Figure 1b. 
Epaxial muscles mainly provide extension waves and ventral 
muscles generate contractile motion, which enables the seal to 
achieve the caterpillar-like terrestrial locomotion. Each stride of 
terrestrial locomotion can be divided into four sub-steps mainly 
of (i) at rest, (ii) contraction, (iii) transition, and (iv) advance 
(Figure  1c). For each stride, the movement of the center of 
pressure (COP) enables seals to anchor their body or to sepa-
rate it from the ground by creating an anchor point with high 
friction (HF) or sliding point with low friction (LF) along their 
body. For example, the caudally directed fur can provide either 
LF to enable the tail to be easily pulled forward or HF being 
used for anchoring to prevent the body from slipping backward 
(Figure 1b). Besides, crawling seals can achieve aquatic locomo-
tion by oscillating their hind limbs as thrusters. They control 

the advancing direction underwater by flapping their fore flip-
pers, which are usually adducted toward the body. Thus, active 
manipulation of the drag area is a key feature in underwater 
maneuverability.

2.2. Bioinspired Actuators

SMA-based soft actuators can be easily designed to gen-
erate large bending deformation. The length contraction 
in SMA wire caused by Joule heating the SMA wire, which 
is eccentrically embedded from the center of the actuator 
elastomer matrix, induces the structure to buckle to a side 
(Figure 2a). This principle can be integrated into various 
compliant structures and geometries to achieve desired large 
deformations.

The soft actuators in SEALicone were purposefully designed 
to generate multimodal locomotion, both terrestrial and 
aquatic. The key principles of seal locomotion were distilled 
into the two types of SMA-based soft actuators, one backbone 
actuator and two support actuators (Figure 2b,c). The backbone 
actuator is the main drive for the robot’s terrestrial and under-
water locomotion. The bending deformation of the backbone 
actuator resembles the extension and contraction waves made 
by a seal’s wall musculature. Specifically, the proximal segment 
of the backbone actuator, on its proximal segment, mimics 
epaxial and ventral muscle contractile and extensional motion. 
On its distal segment, the backbone actuator mimics the hind 
limb complex to create subaquatic motions. The support actu-
ator more simply assists contractile motion by imitating the 
functions of ventral muscles and blubber.

Figure 1. Biological study of a crawling seal, Phoca Vitulina. a) Crawling seal pups*, capable of both terrestrial and subaqueous locomotion.  
b) Lateral view sketch of a seal with its flippers and main wall musculature for terrestrial and subaqueous locomotion, including the epaxial muscle, 
ventral muscles, and hind limb complex. Caudally directed fur serves as a region with HF or LF, depending on the motion direction. c) Lateral view 
sketch of a seal’s galumphing (terrestrial locomotion style) motion sequence divided into four sub-steps—i) at rest, ii) contraction, iii) transition, and  
iv) advance—with anchor points denoted as HF and sliding points as LF. HF, high friction; LF, low friction. The approximate position of the center of 
pressure describes where the seal trunk contracts and expands to. *Photo of seal, Viola (left), was received from the marine mammal rescue center in 
BC, Canada. The right one was taken at Seoul Grand Park.
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Analysis of the galumphing motion revealed that seals can 
utilize high friction or low friction on their proximal and distal 
parts of the body as required (Figure 1b) for anchoring or sliding. 
To mimic this function, the high friction region for anchoring 
and low friction region for sliding (HF-1, LF-1, HF-2, and LF-2 
highlighted in dashed boxes in Figure 2b,c) were constructed on 
the proximal and distal regions of SEALicone. The sequential 
deformation of the robot’s body uses different friction areas at a 
time so that the deformation can be converted into locomotion 
comparative to a seal’s anchoring and sliding motions.

The first soft actuator is the backbone actuator, consisting 
of the proximal segment and distal (tail) segment, embedded 
with four SMA wires named SMA-1, SMA-2, SMA-3, and SMA-4 
(Figure 2b(i)). The fabrication process for the backbone actuator 
is illustrated in Figure S2a (Supporting Information). SMA-1 and 
SMA-2 are the two segments (proximal and distal) of a single 
SMA wire that can be actuated separately. A thin polyvinyl chlo-
ride (PVC) layer serving as the strain limiting layer is embedded 
along the centerline of the actuator matrix, parallel to the bending 

faces. PVC sheets were prepared with rectangular holes to pre-
vent delamination of the silicone matrix. The architecture of the 
backbone actuator provides the opposite direction of eccentricity 
as the SMA wire positioning within the actuator for the proximal 
segment and distal segment. Consequently, when SMA-1 and 
SMA-2 are actuated, the backbone actuator displays a sinusoidal 
shape deformation, creating contractile motion (Figure  2b(ii)). 
The SMA-3 and the SMA-4 are symmetrically positioned from 
the SMA-1 and SMA-2 wires. Their function is to carry out the 
extension motion by alternating high friction points from the 
head (HF-1) to the tail (HF-2) (Figure  2b(iii)). The SMA-2 and 
SMA-4 wires are also used for aquatic locomotion. The proximal 
segment is 5  mm wider than the distal segment, allowing the 
proximal segment more stability to support the robot upright 
during terrestrial locomotion, while the distal segment bends 
more easily at varying actuation frequencies during swimming.

The second actuator is the support actuator, which displays a 
fusiform deformation when actuated (Figure  2c). The support 
actuator is fabricated by connecting a flexible leaf-spring cut 

Figure 2. Biological Inspiration and Robot Design. a) Working principle of the SMA-based soft actuator. b) Inspired by the deformation of the seal 
body, a two-segment backbone actuator (2d schematic and 3D modeling) is designed with the desired deformation. (i) initial state, (ii) and (iii) for ter-
restrial motion, (iv) and (v) for aquatic motion. The inset describes the actuator’s component architecture with main dimensions within the backbone 
actuator. c) Two support actuators are added for both increasing the lifting force of the body and generating partial deformation for steering motion 
(also provide LF for body segment). The dashed box in (b) and (c) indicates the region of different friction where HF-1 and LF-1 are used during the 
contraction stage and HF-2 and LF-2 are used for when advance occurs. HF stands for high friction and LF stands for low friction. d) A semi-spherical 
high friction point cast with the fore flipper provides a pivot for terrestrial turning. e) The assembled robot. f) The perspective view and the side view 
of the fabricated robot. All dimensions are in millimeters and all scale bars are 30 mm.
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from a PVC sheet to a bending actuator at both ends, forming 
an enclosure. The PVC leaf-spring has flexible and rotatable 
hinge-like ends implanted in the matrix of the bending actu-
ator. The length of the leaf-spring is slightly longer than the 
bending actuator to introduce some initial opening deformation 
to prevent inward bending of the PVC leaf spring. The fabrica-
tion process for the support actuator is illustrated in Figure S2b  
(Supporting Information). The bending actuator and the leaf-
spring are coupled to result in fusiform deformation when 
actuated. This shape helps lift the body, conforming the body 
into a temporary supportive position as the robot transitions 
the high friction point from its head to its tail during the terres-
trial forward advance motion. The support actuator itself serves 
as a low friction point (LF-2) that can easily slide forward. Two 
support actuators are located side to side from the backbone 
actuator symmetrically.

Asymmetrically manipulating one of the support actuators 
tilts the robot body, resulting in a turning motion. For terres-
trial turning, a semi-spherical high friction point cast with the 
fore flipper provides a pivot during the motion (Figure 2d). This 
friction pad was cast and attached 4 mm above from the bottom 
of the leaf spring. When the robot is underwater, single-sided 
support actuation induces a larger drag area on that side, also 
enabling the robot to turn.

2.3. Robot Architecture

The overall robot design and assembly are shown in Figure 2e,f. 
A 3D printed seal head added to the front-end of the backbone 
actuator has a flat high friction silicone pad on its bottom that 
serves as a high friction point (HF-1). The other high friction 
point (HF-2) is on a silicone-casted hind flipper added to the 
rear end of the backbone actuator. Low friction regions, LF-1 and 
LF-2, are located on the lowest point of the support actuator and 
the tail fix on the middle tail segment of the backbone actuator. 
In this study, the high friction region and low friction region 
were modeled by padding the spots with Ecoflex-0030 silicone 
and PVC cut-outs, respectively. The backbone actuator and sup-
port actuators work together to manipulate these high and low 
friction points on several regions of the robot body, which con-
strains the direction of the robot’s terrestrial motion. HF-1 and 
LF-1 are used during anchor-pull (contraction) motion, and the 
other set (HF-2 and LF-2) is used during anchor-push (exten-
sion) motion. For aquatic locomotion, only the tail segment 
oscillates to drive forward propulsion (Figure  2b(iv,v)). The 
body fix and tail fix encase the conductive wires and polyfoam 
blocks (Figure 2e). A certain amount of polyfoam blocks were 
added to enable the robot to remain at a constant depth under 
the water. The main robot parameters are detailed in Table 1.

3. Results and Discussion

3.1. Actuator Performance

The actuating current for full and sustained actuation of all 
SMA wires with a diameter of 0.15 mm was determined to be 
0.65  A through trial and error. A mechanical model based on 

Brinson modeling of SMA was developed to predict the bending 
deformation of SMA-based soft actuator[36,37,38] (see Supporting 
Information). The various deformed configurations of the 
backbone actuator are shown in Figure 3a. Actuating SMA-1 
and SMA-2 simultaneously can produce a sinusoidal contrac-
tile deformation with a maximum free length contraction of 
around 21.5% (≈38.7  mm) to be employed in the galumphing 
motion sequence of the robot. Actuating SMA-3 enables the 
robot to raise the head, and actuating SMA-4 puts down the tail. 
Alternately, actuating SMA-2 and SMA-4 generates oscillatory 
motion on the tail with a single-sided bending angle of around 
52.5°. The vertical deformation (height change) of the support 
actuator spans from 21 to ≈48.3 mm (Figure 3b).

To evaluate the force capability of the backbone actuator to 
move the robot body on the ground forward, the pulling force 
generated by the backbone actuator was measured by attaching 
one end to a load cell and fixing the other end (Figure  3c). 
Results show that the maximum pulling force of the backbone 
actuator is 0.98  N with no contraction. The energy density of 
the backbone actuator, with a mass of 7.8 g, is 1.1 J kg−1 (i.e., the 
quotient of the area under the curve and mass), while the length 
contraction ratio corresponded to 21.5% strain. Besides, the 
pulling force of the backbone actuator is larger than 0.1 N with a 
length contraction of about 15% for most of the working range, 
which is enough for pushing the body forward. To evaluate the 
force capability of the support actuator to withstand the robot 
weight, another experiment was conducted to measure the lift 
force by the support actuator (Figure 3d). The experiment was 
conducted for vertical deformation varying from 21 to 39 mm by 
adjusting the height of the load cell with increments of 2 mm. 
Results show that the maximum lifting force of the support 
actuator of 0.17 N occurred at ≈30 mm of the vertical deforma-
tion. The energy density of the support actuator, with a mass of 
3.1 g, is 0.7 J kg−1 (i.e., the quotient of the area under the curve 
and mass), while the vertical deformation corresponded to 110% 
strain. Besides, the single-sided lifting force of the support actu-
ator of 0.07 N (i.e., a quarter of the robot weight) was sufficiently 
high enough to elevate the robot body with a desired minimum 
vertical deformation of 40 mm during the friction point transi-
tion. The energy density of both soft actuators is not high, com-
pared with other artificial muscles[39], but it is enough to enable 
our robot to complete the required sequential deformation.

3.2. Terrestrial Locomotion

The performance of terrestrial locomotion was conducted on 
a horizontal acrylic board, and the current flow pattern for 

Table 1. Robot structure parameter.

Robot parameter Value

Robot [mm] 257.4 L  ×  111.5 W  ×  36.5 H

Proximal segment [mm] 130.0 L  ×  15.0 W  ×  2.5 T

Distal segment [mm] 60.0 L  ×  10.0 W  ×  2.5 T

Support mm] 90.0 L  ×  10.0 W  ×  2.5 T

Robot weight [g] 29.9
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the linear galumphing for a single stride of 10 s is illustrated 
in Figure 4a. The area shown in lighter grey indicates the 
current Joule heating the SMA wires, and the area shown in 
darker grey represents the cooling period during which the 
SMA wires restore their pre-actuation length. The heating 
time and cooling time are determined to make the actua-
tors fully achieve the desired deformation and return to the 
original shapes. Figure 4b shows that SEALicone galumphed 
for 7 strides for 70  s with a total distance of 164.5 mm. The 
effective average stride length was around 23.5  mm per 
stride. A visual depiction of SEALicone’s galumphing motion 
sequence is shown in Figure  4c. SEALicone advances by 
actively manipulating the placement of high friction and low 

friction regions on the body by sequentially deforming its 
body.

SEALicone changes direction by spreading either one of its 
supports while resting the other which makes SEALicone’s 
backbone deform oblique to the ground during galumphing. 
This causes the high friction point on the tail to pivot on a 
skewed position. When steering to the right, the left support 
should actuate, and vice versa (Figure  4d). The turning loco-
motion is conducted by using the same pattern as the linear 
locomotion, but by actuating only one support actuator. SEALi-
cone in turning experiments operated for 10 strides in 110 s and 
obtained a total angular displacement of 50.3° (Figure 4e). The 
average angular displacement was 5.03° per stride.

Figure 3. Actuator performance. a) Different configurations of the backbone actuator. i) The original straight configuration. The green dashed line 
indicates the relative position of the PVC leaf spring of the support actuator, and the dashed box indicates the region of different friction. ii) The con-
tracted wave-shaped configuration with length contraction of around 21.5%, and segments of HF-1 and LF-1 are in contact with the ground to generate 
anchor-pull motion. iii) The inverted wave-shaped configuration raises the robot head and puts down the tail so that segments of HF-2 and LF-2 are 
in contact with the ground to generate anchor-push motion. iv,v) The tail segment with bidirectional symmetric bending deformation, around 52.5°, 
oscillates the tail to generate forward thrust for swimming. b) The vertical deformation (VD, height change) of the support actuator is changed from 
23 to ≈48.3 mm. c) Pulling force generated by the length contraction when changing the original straight configuration to the contracted wave-shaped 
configuration. Inset shows the schematic of the experimental setup. d) Expansion forces of the support actuator with different vertical deformation. 
Inset shows the experimental setup.
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3.3. Aquatic Locomotion

Seals use the hind limb complex and associated muscles when 
swimming forward. Similarly, SEALicone uses the tail segment 
to generate forward propulsion underwater. The swimming 
speed of SEALicone was evaluated by alternately actuating the 
two SMA wires (SMA-2 and SMA-4) at an equal time t to oscil-
late the tail to generate forward motion. The specific actuation 
patterns are described in Figure 5a. Experiments were con-
ducted with the time t to actuate the SMA each time ranging 
from 0.3  to 1.3 s with increments of 0.2 s. Results show that as 
the actuating time t increases, the oscillating angle of the robot’s 
tail increases, while the speed of the robot first increases and 
then decreases (Figure  5b). That is because a short actuation 
time cannot fully actuate the SMA resulting in the insufficient 
oscillation to propel the body forward, and a long actuation time 
(or a large actuation current, Figure S3, Supporting Informa-
tion) can cause over-bending and dragging the robot backward; 
they all lead to a low swimming speed. The robot can reach a 
maximum speed of 18.8  mm  s−1 with actuating time equals 
to 0.9  s (i.e., the corresponding oscillating angle of the tail is  
≈53.6° at 0.56 Hz). A visual depiction of the straight swimming 
motion at 0.56  Hz is shown in Figure  5c. Although the speed 
is not high, the actuation frequency of the tail can be further 
increased using multiple thin SMA wires instead of one thick 
SMA wire[40], thereby being capable of achieving a faster swim-
ming speed.

Underwater turning locomotion of SEALicone is accom-
plished through actuating either one of the supports. The tail 
oscillated at the frequency of 0.56 Hz, and the one-side sup-
port actuation was continuously actuated with a 0.2 s stop for 
every two strides to prevent the SMA wire from overheating. 
The full height of the actuated supports is approximately 
doubled (210% change) compared to the height at rest. This 
increased height comes with an expansion of the effective 
drag area. When steering to the left, the left support is actu-
ated and vice versa (Figure 5d). The left support was actuated 
for the test and results showed that 14 strokes of 19.6 s equaled 
an angular displacement of 119.0°. The average angular dis-
placement was 8.5° per stride or 6.1° per second (Figure 5e).

3.4. Transition between Two Environments

The design purpose of SEALicone was to demonstrate amphib-
ious capabilities. It not only efficiently operates in two different 
environments, but it also moves across two different environ-
ments. The SEALicone possesses sets of SMA wires that generate 
complex motion in both aqueous and on-terrain locomotion. 
Therefore, it is possible for SEALicone to transit from one envi-
ronment to the other. The transition sequence is performed on 
a PVC board partially submerged underwater where the SEALi-
cone initially galumphs for two strides to reach the shore and 
then proceeds to execute the swimming gait (Figure 6).

Figure 4. Terrestrial locomotion. a) A single cycle of actuation pattern for galumphing. Head: SMA-3, Body: SMA-1, Tail-up: SMA-2, Tail-down: SMA-4. 
b) Linear galumphing performance for four strides. c) Linear locomotion sequence of SEALicone for one stride. From the contraction stage to the 
transition stage, the friction points invert and confine the directionality of the advance. d) Right turning mechanism overview. Red entities designate 
where high friction points occur, and blue signifies low friction points. Single-sided support deformation lifts the body obliquely with respect to the 
ground. Therefore, a high friction point at the tail is made at an angle from the linear galumphing. e) The right-turn path for 10 strides and 50.3○ of 
total angular displacement.
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Figure 5. Aquatic locomotion. a) The actuation pattern of the tail. Tail-up: SMA-2, Tail-down: SMA-4. b) The swimming speed and the oscillating angle 
of the tail at varying actuation time of SMA, which corresponds to different oscillating frequencies of the tail. Inset shows the oscillating angle of the 
tail. c) The lateral view of SEALicone swimming underwater. d) Overview of the left turning mechanism. Arrows and circles designate any type of drag 
where red indicates high drag and blue signifies low drag. The actuated side of the support has an increased surface area projected to the heading 
direction resulting in a larger drag coefficient. e) Left-turn path for 14 cycles and 119.0° of total angular displacement.

Figure 6. Transition demonstration from one environment (terrain) to another (water). SEALicone galumphed for two strides for 20 s to fully let itself 
be immersed and then initiated swimming locomotion for additional few strides. Each time step is indicated in the top left corner of each picture in 
the figure. The bottom right insets indicate the used actuators at the time in the yellow block. Ref indicates a reflection on the bath wall surface. The 
scale bar is 100 mm.
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4. Conclusion

This study described a SMA-based soft amphibious robot, 
SEALicone with capabilities to generate multimodal locomo-
tion both terrestrial and aquatic, which was not previously dem-
onstrated by other SMA-based soft robots. Its locomotion style 
was inspired by crawling seals, whose mimicry was possible 
through the study of a seal’s wall musculature and regions with 
different friction. The robot galumphed at a speed of 20.1 mm 
per stride and rotated at 5.03° per stride on a plane surface. 
In a subaqueous environment, the robot swam at 18.8 mm s−1 
at 0.56  Hz tail oscillation (maximum speed) and turned 8.2° 
per stride at 0.56 Hz. Transition behavior from the terrain to 
the water was also successfully modeled. The simplicity of the 
SMA-based soft actuators allowed for minimized segments and 
a compact, quiet, and lightweight design, rendering the SEALi-
cone as a preferable model for reconnaissance or exploration 
missions. Future efforts will be made toward the construction of 
an untethered power system and enhancement of mobility for 
the next generation of the SEALicone for shoreline exploration.
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from the author.
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