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Abstract

Although linear accelerations are an important common component of the diversity of fish locomotor behaviors, acceleration is one of the least-understood aspects of propulsion. Analysis of acceleration behavior in
fishes with both spiny and soft-rayed median fins demonstrates that fin area is actively modulated when fish
accelerate. We implemented an undulatory biomimetic robotic fish model with median fins manufactured
using multimaterial three-dimensional printing—a spiny-rayed dorsal fin, soft-rayed dorsal/anal fins, and a
caudal fin—whose stiffnesses span three orders of magnitude. We used an array of fluidic elastomeric soft
actuators to mimic the dorsal/anal inclinator and erector/depressor muscles of fish, which allowed the soft fins
to be erected or folded within 0.3 s. We experimentally show that the biomimetic soft dorsal/anal fin can
withstand external loading. We found that erecting the soft dorsal/anal fins significantly enhanced the linear
acceleration rate, up to 32.5% over the folded fin state. Surprisingly, even though the projected area of the
body (in the lateral plane) increased 16.9% when the median fins were erected, the magnitude of the side force
oscillation decreased by 24.8%, which may have led to significantly less side-to-side sway in the robotic
swimmer. Visualization of fluid flow in the wake of median fins reveals that during linear acceleration, the soft
dorsal fin generates a wake flow opposite in direction to that of the caudal fin, which creates propulsive jets
with time-variant circulations and jet angles. Erectable/foldable fins provide a new design space for bioinspired underwater robots with structures that morph to adapt to different locomotor behaviors. This biorobotic
fish model is also a potentially promising system for studying the dynamics of complex multifin fish swimming
behaviors, including linear acceleration, steady swimming, and burst and coast, which are difficult to analyze
in freely swimming fishes.
Keywords: hydrodynamics, biorobotic fish, soft morphing fins
vering activities that are part of the normal swimming repertoire. For example, the spiny and soft dorsal and anal fins can be
erected or folded down during swimming to alter the laterally
projected body surface area, and changes also occur in the
surface area of the dorsal and anal fin regions supported by
flexible fin rays. Many teleost fishes possess distinct regions of
median fins, with an anterior portion (especially of the dorsal
fin) supported by spines, while the membrane of the posterior fin
region is supported by flexible fin rays.8–11
Among the diversity of maneuvering behaviors in fishes,
which include fast start escape responses, turning, backward

Introduction

A

key characteristic of the locomotor design of fishes
is the presence of median fins. The dorsal, anal, and caudal
fins are all midline structures that are actively used by fishes
during locomotion as fluid control surfaces. These fins possess
intrinsic musculature, distinct from myotomal (or body) muscles that power body undulation, that allows control over both
fin surface area and conformation.1–7 Understanding how fish
use median fins is important for evaluating the diversity of
locomotor behaviors in fishes, including the variety of maneu-
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locomotion, rapid burst and coast swimming, and linear acceleration, the latter is the least understood aspect of swimming (Fig. 1A). Although Tytell12 studied the kinematics and
hydrodynamics of routine linear accelerations of eels (Anguilla
rostrata), almost all studies of fish locomotion have focused on
other types of fish locomotor behavior. In part, this is likely due
to the considerable difficulty in reliably and repeatedly eliciting
linear accelerations from freely swimming fishes, and the
challenges of generating a replicated data set in which fish
accelerate with a variety of known values. From our observation on a largemouth bass (Micropterus salmoides) (Fig. 1B,
C), we found a significant change in median fin area during the
linear acceleration at different time instants (Fig. 1D).11
A robotic model with morphing median fins that allows
control over fin surface area and also the ability to precisely
generate linear accelerations that vary in magnitude would be
a valuable tool for exploration of this aspect of unsteady fish
locomotor behavior.
Fish-inspired biorobotic flexible models have attracted
growing attention from mathematicians,16 fluid engineers,17
roboticists,18,19 and biologists20,21 interested in studying the
principles underlying unsteady locomotion in aquatic animals. Previous studies have included bioinspired mechanisms that produce movements similar to swimming fishes to
mimic pectoral fin,22 caudal fin,23 and undulatory body locomotion.24 More recent studies have used soft actuators and
smart materials to mimic fish-like locomotion. For example,
Marchese et al.25 have developed a soft robotic fish body
powered by fluidic actuators that is capable of performing
a C-start escape response. Kim et al.26 have developed robotic pectoral fins with a shape memory alloy that can generate undulation motions similar to a ray’s. Jusufi et al.27
used pneumatic actuators attached to a flexible foil to study
how undulatory locomotion of a simple model fish body is
altered by changing the level of cocontraction of right and
left side actuators.
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From the biomimetic perspective, both fin movements and
body deformation should be included when characterizing
the hydrodynamic function of a bioinspired robotic fish.
Creating a biologically analogous robotic fish with median
fins is a considerable challenge because it requires fabricating
multiple engineered fins whose Young’s modulus ranges
between 105 and 109 Nm-2,16,28 and then actuating and
controlling the undulatory body and multiple individual fin
elements that make up the entire system.
Development of a fish robotic system that allows controlled analysis of acceleration behaviors also has the potential of contributing to understanding different behaviors
exhibited by freely swimming fishes. For example, changing
fin areas during steady swimming and during unsteady behaviors such as turning and acceleration are commonly observed, as are differences in kinematics between spiny and
soft-rayed dorsal fins,9,10 and the increase in body yaw (side
to side) motion as fishes accelerate.29 However, understanding the effects of such fin or body motions on swimming
performance and the balance between thrust and drag forces
is very difficult in living fishes. Using a robotic model system
in which fin surface areas and body motions can be altered
and effects on swimming performance quantified provides a
valuable tool by which robotics can contribute to understanding the complex and multifactorial swimming behaviors
in live fishes.
In this study, we present an engineered robotic fish that
includes morphing flexible median fins that can be actively
controlled along with control of undulatory body motion and
the swimming acceleration profile. Two key questions underpinned our research. First, can we design and fabricate a
biomimetic robotic fish with median fins that can morph into
different shapes, and that accurately reflect fish median fin
function? Second, how does altering median fin surface area
affect linear acceleration swimming performance of the robotic fish? To answer these questions, we need to fabricate

FIG. 1. Linear acceleration in live fish. (A) The range in acceleration of the three typical types of unsteady swimming
behaviors is given in BL/s2. Species beneath each box plot are listed in order of increasing acceleration values. Among the
three kinematic modes—linear acceleration,12 burst and coast (also called ‘‘kick and glide’’),13,14 and fast-start15 (including
C-starts and S-starts)—linear acceleration in fish is the least understood. (B) Representative image sequence of a largemouth
bass (Micropterus salmoides) performing linear acceleration at 0.17 BL/s2. The body midlines were extracted with a time
interval of 0.27 s. Frames from t = 0 s to 1.2 s shows a series of tail beats of four cycles during linear acceleration. (C) Body
midline profiles during linear acceleration are illustrated. The snout position is indicated by ‘‘x,’’ and the tail position is
denoted by ‘‘o.’’ (D) Representative image sequences of the bass in the lateral view, the soft-rayed dorsal/anal fins are
outlined with solid white lines. Fin area changed from 732 mm2 (t = 0 s) to 381 mm2 (t = 0.69 s) during linear acceleration—a
decrease of 47.9% in total area of the soft-rayed dorsal/anal fins. BL, body length. Color images available online at www
.liebertpub.com/soro
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synthetic median fins based on the morphological design
principles of bony fishes and test the hydrodynamic function
of the fins on an undulatory robotic model that could move
like a fish. To our knowledge, no previous study has either
reported on ‘‘morphing’’ fins attached to a fish-inspired underwater robot, or tested the effects of morphing fin states on
hydrodynamic performance under self-propelled swimming
conditions.
For this study, we first used synchronized ventral and lateral high-speed cameras to examine linear acceleration behavior and median fin conformation in largemouth bass
(M. salmoides). Then, we designed and fabricated a spiny-rayed
dorsal fin, soft-rayed dorsal/anal fins, and a caudal fin, which
were manufactured using multimaterial three-dimensional (3D)
printing. These biomimetic fins were actuated by fluidic elastomeric soft actuators that mimicked the functions of the dorsal/
anal erector/depressor muscles of live fish, and were also
designed to have lightweight, compliant features that could
withstand impacts and resist fluid loading. We then attached
the fins at the proper positions to a fish-like robotic undulatory platform with a rigid skeleton and controlled the acceleration profile of the entire platform of actuated median
fins plus undulatory body. Finally, we measured the speed,
linear acceleration, lateral and thrust forces, and wake flow
patterns of this biorobotic fish while varying fin conformation under self-propelled swimming conditions on a customdesigned experimental system.24,30,31
Materials and Methods

Largemouth bass (M. salmoides) were collected in
Massachusetts (United States) and housed in Harvard University aquaria at room temperature. Animal experiments were
conducted in a closed circuit flow tank with a 25-cm-wide, 25cm-deep, and 80-cm-long working section. Bass, mean body
length (BL) of 15 cm, were confined to the working section
using plastic grids as in our previous research.9 To record the
linear acceleration of bass, animals were gently maneuvered
into position in front of the cameras. After a period of steady
swimming in the flow (at both 1 BL/s and 2 BL/s in our study),
bass would periodically and voluntarily accelerate linearly in
response to a stimulus introduced behind them. Linear acceleration was filmed as fish began from steady locomotion at
these two flow speeds with synchronized ventral and lateral
high-speed cameras (Photron PCI-1024, 1 megapixel resolution) at 1000 fps. The research was conducted under the approved Institutional Animal Care and Use protocol #20-03 at
Harvard University.
To investigate the effects of morphing fin states on hydrodynamics during linear acceleration, we implemented a
biomimetic undulatory fish robotic model with median fins—
a biomimetic spiny-rayed dorsal fin, soft-rayed dorsal/anal
fins, and a caudal fin—based on the morphological design of
perch-like bony (teleost) fishes that possess dorsal fins with
both spines and flexible fin rays.
The spiny dorsal fin of most teleost fish species can be
elevated and depressed by erector/depressor muscles.32 To
mimic this rotational motion of a spiny dorsal fin (Fig. 2A),
we used a four-bar linkage mechanism that translates the
linear movement of a fiber-reinforced cylindrical soft actuator into rotational movement for five fin rays connected by a
membrane (Fig. 2B). The fiber-reinforced cylindrical soft
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actuator (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/soro), which activates
by being inflated with compressed air, was mounted below the
four-bar linkage for rotating the fin rays and the membrane
(Supplementary Video S1). The biomimetic spiny dorsal fin
has a 92-mm span, 65-mm chord length, and a mass of 47.9 g.
To mimic a single biomimetic fin ray, we used two cylindrical soft actuators positioned symmetrically on the left
and right to provide motion at the fin ray’s base. Note that the
natural soft fin ray possesses a bilaminar structure composed
of two half-ray elements (called hemitrichs) (Fig. 2C, E), but
we elected to simplify the natural fin ray design by not using a
bilaminar structure to reduce the number of fin actuators by a
factor of two, and to use single elements to represent each ray
to reduce the number of actuators (Fig. 2B, F). Force is applied to a biological fin ray via inclinator muscles attached to
the fin base, and a ligament (shown in green) that joins the
base of the fin ray slides over a supporting cartilage pad
(Fig. 2C). In the bioinspired fin, inflating the soft actuators on
each side of the fin ray (up and down) induces the fin ray to
move side to side (Fig. 2D; Supplementary Video S2). A
flexible arc-shaped hinge,33 which allows the fin ray to be
bent laterally, was placed at a position corresponding to that
of the soft ligament of a biological fin ray (inset in Fig. 2D).
We used four pairs of fiber-reinforced soft actuators (eight
total) to mimic the dorsal/anal inclinator muscles of four soft
rays. We also used one fiber-reinforced soft actuator to produce the erecting/folding motion through a four-bar linkage
mechanism, similar to that found in a spiny dorsal fin. The
soft dorsal and anal fins are able to perform both the erecting/
folding motions and to produce bending side to side (Fig. 2F;
Supplementary Video S3). Both the biomimetic soft dorsal
and anal fins have a 115-mm span, 74-mm chord length, and a
mass of 45.8 g (Fig. 2F). The distance between the trailing dorsal fin margin and the leading edge of the caudal fin is 66.5 mm.
Cylinder-shaped fiber-reinforced soft actuators of two
different sizes were fabricated for the fin erect/fold mechanisms (25 mm in length, 19 mm in diameter) and the flapping
mechanisms (16 mm in length, 10 mm in diameter). The soft
actuators consisted of four components: the inner and outer
extendable silicone elastomer layers, Kevlar thread for constraining the radial expansion, a driving end that connects
with the mechanism, and a fixed end with a pressure input
tube (Supplementary Fig. S1A). All the molds for the casting
process were printed using a 3D printer (MakerBot Replicator X5; MakerBot Industries, Inc.). The fabrication
process of a fiber-reinforced soft actuator is shown in Supplementary Figure S1B. When pressurized air is applied to
the soft actuator, it produces linear motion that generates the
erect/fold motion of the fin rays (Fig. 2I). Air pressure was
measured using a high-precision digital pressure transducer
(ZSE30AF/ISE30A, SMC Corp., Tokyo, Japan).
The computer aided design (CAD) model of the biomimetic fin was then transferred to an Objet Connex500 C3
(Stratasys, Ltd., Eden Prairie, MN), a multimaterial 3D
printer, for fabrication. The different mechanical elements of
the biomimetic fins were assigned different material stiffnesses represented by different colors (see color bars in
Fig. 2F). The rigid fin rays and fin base support (pink) were
fabricated from rigid material with a Young’s modulus of
3000 Mpa (VeroWhitePlus RGD835). The flexible hinge of
each fin ray (gray) was fabricated from flexible material with
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FIG. 2. Morphology of the median fins of bony fishes and the biomimetic prototypes with mechanical elements and
mechanisms. (A) Image of a cleared and stained spiny dorsal fin in a bluegill sunfish (Lepomis macrochirus) with rigid
spines (red) and the soft fin membrane (translucent). (B) CAD model of the biomimetic spiny dorsal fin. The bar linkage
mechanism for the erect/fold motions, which translates the linear movement of the soft actuator (driven by a pneumatic
system) into the rotational movement of the fin. (C) Simplified fin ray bending mechanism. Force is applied to a fin ray via
inclinator muscles attached through tendons near the base of the fin ray. A ligament (green) that attaches to the base of the
fin ray slides over a supporting cartilage pad. (D) Model of a single biomimetic fin ray. The principal elements of the fin
structures were assigned multiple materials represented by different colors. The spines and rays have the largest stiffness
(indicated by red), the materials in the fin mechanism include fully rigid material (indicated by red), and flexible material
(indicated by gray). Fiber-reinforced soft actuators (indicated by cyan) located on each side allow the fin ray to flap
laterally. The material stiffness of the biomimetic fins spans five orders of magnitude, ranging from 0.01 to 3000 Mpa. (E)
Anal fin in a bluegill sunfish to show the leading spines and posterior flexible rays. (F) Model of the soft dorsal fin rays.
Fluidic elastomeric soft actuators that mimic the dorsal/anal inclinator, and erector/depressor muscles allow the biomimetic
soft fin to erect, fold, and flap laterally. The mechanical assembling process is available in Supplementary Video S4. (G)
Skeleton of a snowy grouper (Hyporthodus niveatus) showing the segmented vertebral column and the major median fins, to
illustrate the relative positions of the spiny dorsal, soft dorsal, anal, and caudal fins (scale bar is 70 mm). (H) Photograph of
the biomimetic robotic fish with all median fins (BL 580 mm; maximum body width 80 mm; maximum body height with fins
230 mm) illustrating the biomimetic spiny dorsal, soft dorsal, and anal fins (scale bar is 50 mm). (I) Biomimetic soft dorsal
fin at fully erected (pneumatic pressure: 0 Kpa), half-erected (153 Kpa), and fully fold down (278 Kpa) states. CAD,
computer aided design. Color images available online at www.liebertpub.com/soro
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a Young’s modulus of 1.1 Mpa (TangoPlus FLX930). The
soft actuators were fabricated with silicone elastomer (blue)
with a Young’s modulus of 0.5 Mpa (DragonSkin 30). The
fin membrane, with a thickness of 600 lm, was fabricated
by a spin coater (MV300; Marath, Inc.) using a silicone
elastomer material (Ecoflex 0010; Smooth-On, Inc.). The
membrane was then glued evenly to the fin rays using silicone epoxy.
We programmed the median fins to move according to five
typical median fin motion patterns observed in bony fishes
during swimming1,3,4,9,34: (1) all fins folded down; (2) spiny
dorsal fin erect and soft dorsal/anal fins folded down; (3)
spiny dorsal fin folded down with soft dorsal/anal fins halferect; (4) spiny dorsal fin folded down and soft dorsal/anal
fins fully erect; and (5) spiny dorsal fin and soft dorsal/anal
fins fully erect.
We positioned the biomimetic spiny dorsal, soft dorsal,
and soft anal fins on the robot model in locations corresponding to the median fin positions of a typical perciform
teleost fish such as a largemouth bass or yellow perch
(Fig. 2G; see the assembly process in Supplementary Video
S4). This robotic fish body, which has been applied in our
previous studies to understand fish undulatory propulsion,24,30 has four rigid segments that can be actuated independently by servo motors (RE40; Maxon Motor, Inc.,
Switzerland). The robotic fish body has a total BL of 58.8 cm
and mass of 2.79 kg, and has a similar shape to that of a
generalized carangiform fish swimmer, whose body undulation is primarily confined to the posterior of the BL.35 The
spiny dorsal fin was mounted posterior to the head of the
robot, and the soft dorsal and anal fins were symmetrically
mounted on the upper and lower positions of the second
segment of the fish body, respectively (Fig. 2H). The four
segments of the robotic fish were controlled by a servo motor
coordinator (MC206; Trio Motion Technology, United
Kingdom) to produce a fish-like undulatory movement. Body
kinematics was defined by the following:



2p
2p
2
hðx, tÞ ¼ c1 x þ c2 x sin
x t ,
(1)
k
f
where h(x,t) denotes the displacement along the lateral direction in a body-fixed coordinate system; x denotes the
displacement along the main body axis (note: x is measured
starting from 1/3L of the robotic fish); L represents the total
length of the body; k denotes the body wave length, which
was set to 0.96 BL to mimic carangiform locomotion.35 f
denotes the locomotion frequency, chosen to be 1.5 Hz for
this study.
From our live bass trials, the frequency ranges from 1.9 to
4.48 Hz in linear acceleration (0.12–2.07 BL/s2) and 1.41–
3.70 Hz in steady swimming (1–2 BL/s). Frequency range of
live fishes was also provided in a recent study on the live fish
linear acceleration.29 According to the biological results,
1.5 Hz is within the biological range of the flapping frequency
that is common to slow to moderate freely swimming fishes.
c1 and c2 were used to control the amplitude of the caudal fin.
We use the peak-to-peak oscillation amplitude at the caudal
peduncle to define the amplitude (h). From our bass observation (Fig. 1), the peduncle amplitude is within 0.09–0.14
BL in linear acceleration (0.12–2.07 BL/s2) and 0.07–0.1 for
steady swimming (1–2 BL/s). Therefore, we choose to fix the
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peduncle amplitude to 0.1 BL (h = 0.1 BL) as it is the typical
biological range of the peduncle amplitude of the live fishes.
The experimental apparatus is constructed as follows (see
Fig. 3A for a schematic view): The servo towing system has a
travel distance of 7.5 m with a position control accuracy of
0.1 mm. Underneath the towing system is a water tank measuring 7.8 · 1.2 · 1.1 m, in which the robotic fish has sufficient
space to move. As Figure 3A shows, a low-drag streamlined
strut, which is fixed to a force transducer above the water,
penetrates the water and connects to the head of the fish.
During experiments, the robotic fish was towed (by the servo
towing system) at mid-depth in the tank to avoid interference
from the free water surface and the bottom of the tank. The
measured transducer forces of the robotic fish were measured
using a multiaxis ATI force transducer (mini-40; ATI Industrial, Inc.). As shown in the black dashed box in Figure 3A,
when the experimental apparatus was in operation, we were
able to simultaneously record force data and digital particle
image velocimetry (DPIV) images, control the speed of the
carriage, and actuate the robotic fish model. The DPIV system
was used to measure the flow field. For more details about the
DPIV apparatus, which includes the laser system, high-speed
camera, and particles (10 lm average size glass microspheres)
to seed the water, refer to our previous article.24
One technical issue for the robot was that it needed to be
towed through the water from still to steady swimming state to
imitate how a fish would naturally move during acceleration. In
this article, we used a simple metric, ‘‘critical linear acceleration’’ (Acla, unit: m/s2), to characterize the biorobotic fish’s
linear acceleration performance under different fin states. This
acceleration method is an extension of our previously described
self-propelled steady swimming method for fish robotics.36,37
The experimental process for realization compromises
several steps. Step 1: for each state, we first fixed the robotic
fish body motion and then varied the towing speed U until
the time-averaged axial force measured by the force transducer was 0 (Fig. 3B). Lauder et al.36 also presented a
diagram showing that the robot swims at a self-propelled
time-averaged constant speed as a result of a thrust and drag
force balance over a single tail beat cycle. Each force is the
mean from five repeated trials at each towing speed (n = 5).
We calculated the self-propelled speed (Usps, which is
marked out by the vertical dashed line with label in Fig. 3B)
based on the towing speed and the measured axial force based
on a previously described method.30,38,39 Step 2: We program
the towing system with different linear acceleration rates.
Linear acceleration profiles of the towing system (the colors
of the acceleration profiles correspond to those in Fig. 3C)
and the axial force/time history during both linear acceleration
followed by steady swimming for the black profile. The robotic fish model accelerates from initial zero velocity, and
then, we calculated the mean axial forces during the acceleration stage for each acceleration rate. Each force is the mean
from five repeated trials at each acceleration rate (n = 5).
Data for the mean axial forces generated at acceleration
rates are shown in Figure 3C (the Acla is marked out by the
vertical dotted line with label). In Figure 3D, we show six
different linear acceleration profiles for acquiring the Acla of
all fins erected up (case e), which were determined by linearly
fitting the mean force data for each acceleration rate
(Fig. 3C). The black axial force/time history profile in
Figure 3D is the result when robotic fish was first towing at a
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FIG. 3. The hydrodynamic experimental apparatus for testing the biomimetic robotic fish and our approach for evaluating
linear acceleration performance. (A) Schematic view of the experimental system for the robotic fish model in a flow tank
where the water is still. The main mechanical components of the apparatus and the laser system for DPIV are marked. The
x-axis is along the fish axial length; the y-axis is in the lateral direction; and z is vertical. The thick arrow labeled ‘‘towing
speed’’ indicates the direction of linear acceleration of the robotic fish. Note that all of the robotic fish’s power supply,
motion control, amplifier, and data acquisition system were contained within the carriage. (B) The towing speed (U) versus
the average axial force of the robotic fish in a steady swimming state (kinematics, h = 0.1 BL, body wavelength = 0.96 BL,
f = 1.5 Hz) for acquiring the SPS speed. (C) The towing linear acceleration versus the average axial force of robotic fish
during linear acceleration for acquiring the critical linear acceleration (see text for discussion). (D) Linear acceleration
profiles of the towing system (the colors of the acceleration profiles correspond to those in panel (C) and the axial force/time
history of all fins erected up state (case e) during critical linear acceleration followed by steady swimming for the black
profile. Error bars are –1 s.e.m. DPIV, digital particle image velocimetry; s.e.m., standard error of the mean; SPS, selfpropelled swimming. Color images available online at www.liebertpub.com/soro
critical linear acceleration state (5.2 · 10-2m/s2 (0.09 BL/s2),
gray shaded area) and then the steady swimming state
(0.339 m/s). The axial force oscillation of these two states is
centered around zero baseline.
Results
Kinematics of the biomimetic robotic fish

The biomimetic spiny dorsal fin can fold down to 45% of
its fully erected state at 285 Kpa inflation pressure. The bio-

mimetic soft dorsal and anal fins were able to fully erect at a
pneumatic pressure of zero (Fig. 4A), half-erect at a pressure
of 304 Kpa (Fig. 4B), and fold down by a 70% area compared
to the fully erect state at a pressure of 425 Kpa (Fig. 4C). Each
biomimetic fin was independently controlled by the pneumatic system. When fully erected from the fold state, the side
area of the soft dorsal/anal fin changed from 66 to 180 mm2,
and the projection area of whole body (on the lateral plane)
changed from 669.3 to 782.6 cm2. The minimum time for folding down the fins from the fully erected state was 0.30 – 0.05 s

Downloaded by Ucsb Libraries University of California Santa Barbara from www.liebertpub.com at 04/10/18. For personal use only.

BIOROBOTIC FISH WITH SOFT MORPHING MEDIAN FINS

7

FIG. 4. The robotic fish with median fins. The lateral view of the robotic fish with the biomimetic spiny dorsal, soft dorsal,
and soft anal fins (A) fully erected, (B) half-erected, and (C) folded down. The robot was photographed in a static
configuration by altering the pneumatic pressure that actuates the fins. The total projected area of the spiny dorsal, soft
dorsal/anal fins together (in lateral view) is 180, 113, and 66 cm2 for fully erected, half-erected, and folded down conditions,
respectively. The white arrows indicate the direction and magnitude of the folding soft fins. Color images available online at
www.liebertpub.com/soro
(n = 3) for the spiny dorsal fin and 0.40 – 0.05 s (n = 3) for the
soft dorsal/anal fins.
The stiffness variation of the biomimetic soft dorsal/anal
fins allows it to withstand impacts from both the axial and
lateral directions. In our biomimetic fins, the compliant structures (i.e., the flexible arc-shaped hinge and the soft actuators)
allow the fins to deform with obstacles during impact. In
Supplementary Video S5, we demonstrate the ability of the fin
to deform and then recover from a sudden impact (hit with a

10–mm-diameter rod) occurring under both the still and
moving states. As can be seen in Supplementary Video S5,
the fin deforms significantly from the impacts in both the
lateral and axial directions, but recovers within a short period.
During the impact and recovery process, there was no damage to the robot.
The biorobotic model’s body and fin kinematic profiles are
similar to those of live fish (Fig. 5). A demonstration of the
fish body and median fin movements (in air) is available

FIG. 5. Kinematics of the robotic fish with median fins. (A) The body midline profiles of the robotic fish extracted from
three cycles during linear acceleration (0.12 BL/s2, 0.052 m/s2). The snout position is indicated by ‘‘x,’’ and the tail position
is indicated by ‘‘o.’’ (B, C) Kinematic patterns for the soft dorsal and tail fins oscillating in tandem during linear
acceleration for (B) a live largemouth bass accelerating at 0.17 BL/s2 and (C) the biomimetic robotic fish accelerating at
0.12 BL/s2, where BL is the fish BL. Panel (C) also includes video images of the two fins moving within a frontal-plane
laser sheet over the course of one complete stroke cycle. The red point indicates the trailing edge of the soft dorsal fin and
the blue point indicates the leading edge of the caudal fin. Left–right movements of the trailing edges of the soft dorsal fin
and the dorsal lobe of the tail are plotted against time for two consecutive flapping cycles in (B) and (C). Color images
available online at www.liebertpub.com/soro
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in Supplementary Video S6. A top view of the biorobotic fish’s
linear acceleration underwater is available in Supplementary
Video S7. The robotic fish performed a series of propulsive
tail beats with an oscillatory wave traveling along the body,
moving the model forward at 0.12 BL/s2 (Fig. 5A).
The soft dorsal/anal fins moved passively with the body
during linear acceleration for both the live fish and the robot.
The plots of the marker points on the soft dorsal trailing edge
(red) and caudal fin leading edge (blue) over two cycles are
provided in Figure 5B, C. For both the soft dorsal and anal
fins (in the erect state), the excursions of the marker points
display a sinusoidal pattern with an amplitude of 0.07 – 0.01
BL (10.06 – 2.03 mm) for the soft dorsal fin and 0.09 – 0.02
BL (13.85 – 3.68 mm) for the caudal fin (mean from five
repeated trials, n = 5). For linear acceleration in the live fish,
the observed phase shift between the soft dorsal fin trailing
edge and the caudal fin leading edge was 0.10 T (Fig. 5B). By
programming the robotic fish body, we obtained a similar
phase shift of 0.11 T between the two marker points of the
swimming robot (Fig. 5C).
Linear acceleration of the biorobotic fish
under varying median fin states

We investigated the effects of the spiny dorsal, soft dorsal,
and soft anal fins on the swimming performance of the
biorobotic fish under five median fin states (Fig. 6). We found
that the soft dorsal/anal fins significantly enhanced both the
linear acceleration and the steady swimming speed. With all
fins folded down (case a, the control, purple bar), the selfpropelled swimming speed (Usps) was 0.329 – 0.001 m/s
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(mean –1 standard error of the mean). Statistical analysis
showed no significant difference in Usps between the erected
spiny dorsal fin state (case b, blue bar) and the control
(Usps = 0.329 – 0.002 m/s, analysis of variance [ANOVA],
d.f. = 8, p = 0.9057). When the soft dorsal and anal fins were
fully erected (case e, red bar), Usps (Usps = 0.339 – 0.001 m/s)
showed a significant increase of 3.04% (ANOVA, d.f. = 8,
p < 0.0001) over the control case (case a). Notably, the halferected soft fins (case c, green bar) resulted in the maximum
increase in Usps (0.353 – 0.001 m/s) over the control of 7.29%
(ANOVA, d.f. = 8, p < 0.0001).
In terms of linear acceleration, the critical linear acceleration (Acla) with the spiny dorsal and both the soft fins folded
(case a, the control) generated an Acla of 0.040 – 0.0001 m/s2,
0.069 BL/s2). Our statistical analysis showed no significant
difference in Acla with the spiny dorsal fin erected (Acla =
0.040 – 0.001 m/s2, case b) and the control (ANOVA, d.f. = 8,
p = 0.0701). Erecting the soft fins, however, resulted in significantly faster linear acceleration. For example, with the
soft dorsal and anal fins erected and the spiny dorsal folded
down (Acla = 0.053 – 0.0001 m/s2, 0.091 BL/s2), case d, yellow bar), a 32.5% greater linear acceleration over the control
was generated (ANOVA, d.f. = 8, p < 0.0001).
The axial force, including the data gathered under nonself-propelled or noncritical linear acceleration conditions
used for acquiring the self-propelled swimming speeds and
the critical linear accelerations, is also provided (Fig. 6B, D).
In most cases, a larger Usps or Acla led to greater axial forces
across all flow speeds and linear accelerations tested. The
only more complex pattern (Fig. 6B) was observed for the
spiny dorsal fin folded (case d) versus erected (case e). With

FIG. 6. Swimming performance metrics for the biorobotic fish with different median fin states. Biorobotic fish body
kinematics was programmed as h = 0.1 BL, body wavelength = 0.9 6 BL, and f = 1.5 Hz. (A) Self-propelling swimming
speeds Usps. (B) Axial force on the swimming robotic fish during steady swimming, where the x-axis crossing denotes Usps.
(C) Critical linear acceleration. (D) Axial force on the robotic fish during linear acceleration, where the x-axis crossing
denotes the critical linear acceleration. All the axial forces are means from n = 5 trials. Error bars are –1 s.e.m. Color images
available online at www.liebertpub.com/soro
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FIG. 7. The measured axial force during
the onset stage of linear acceleration (first
flapping cycle). Robotic fish body kinematics was programmed as h = 0.1 BL, body
wavelength = 0.96 BL, and f = 1.5 Hz. The
inset panel shows the maximum force under
different fin states. All of the onset peak
axial forces are means from n = 5 trials. Error bars are –1 s.e.m. Color images available
online at www.liebertpub.com/soro

the spiny dorsal fin erected (case e), the robot experienced
higher axial forces when the towing flow speeds were
higher than the self-propelled swimming speed (i.e., U >
Usps). The axial forces on the robotic fish with spiny fin
folded (case d) surpassed those with the spiny fin erect
(case e) when U > Usps.
Total measured forces

We found that median fins can enhance axial force produced
by the biomimetic robotic fish during the initial acceleration
stage. Figure 7 shows the comparison of the force/time history
during the first flapping cycle (the onset stage). The largest
difference in forces occurs at the maximum peak of the force
curve; the means of the maximum force peaks are provided in
the inset panel of Figure 7. We found that (1) erecting the spiny
dorsal fin (4.02 – 0.09 N, case b) increased peak axial force by
3.61% over the control case (3.88 – 0.11 N, case a); (2) halferecting the soft dorsal/anal fins (4.75 – 0.14 N, case c) increased peak axial force by 22.42% over the control; (3) fully
erecting the soft fins while folding the spiny fin (5.31 – 0.08 N,
case d) increased peak axial force by 36.86% over the control;
and (4) erecting all the fins (5.55 – 0.06 N, case e) increased
peak axial force by 43.04% over the control. The discrepancy
in peak axial forces between the cases with erected and folded
soft fins is quite large (about 1.5 N), but was negligible between the cases with an erected and folded spiny fin (ANOVA,
d.f. = 8, p = 0.3608). This indicates that during the onset stage,
erected soft dorsal and anal fins contribute significantly to the
onset of the measured forces, while the spiny dorsal fin contributes little.
Surprisingly, we found that up to 24.8% of the magnitude of
the side force (y-force) on the robotic swimmer was reduced by
erecting the soft dorsal/anal fins. Figure 8 shows the side force/
time history for two flapping cycles for each fin state during
linear acceleration. The force history during steady swimming,
although not shown, also demonstrates that the side force was
significantly reduced by erecting the soft fins. Erecting the
spiny dorsal fin alone (case b, 6.1 – 0.50 N) did not significantly reduce the magnitude of the side force compared to the
control (case a, 6.6 – 0.39 N; ANOVA, d.f. = 8, p = 0.11). Halferecting the soft dorsal and anal fins (5.7 – 0.24 N, case c)
reduced the magnitude of the force by 13.4% (ANOVA,
d.f. = 8, p = 0.02) compared to the control. Fully erecting the
soft fins while folding the dorsal fin (5.15 – 0.19 N, case d)

reduced the force by 22.2% compared to the control (ANOVA,
d.f. = 8, p = 0.0005). And when the spiny and both soft fins
were erected (4.98 – 0.28 N, case e), the magnitude of the force
was reduced by 24.7% compared to the control (ANOVA,
d.f. = 8, p = 0.0011).
The instantaneous side force histories of the control (case
a), half-erect (case c), and fully erect (case e) fin states are
shown in Figure 8B, making the differences in side forces
created by different fin states easier to discern. Our results
indicate that erecting both the soft dorsal/anal fins and the
spiny fin significantly reduces the magnitude of the side
forces experienced by the fish robot body, which may in turn
reduce yaw motion for the robotic swimmer.

FIG. 8. Peak-to-peak side force on the biorobotic fish
during critical linear acceleration. (A) The average peak-topeak side forces on the biorobotic fish under different median fin states. (B) The instantaneous side force for two
flapping cycles. The purple double arrow indicates the
magnitude of the peak-to-peak side force with no erect fins.
Note that the robotic fish is swimming at the critical linear
acceleration state. Error bars are –1 s.e.m. Color images
available online at www.liebertpub.com/soro
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Wake flow patterns

We found that lateral flows generated by the soft dorsal
and the caudal fin were oriented to opposite sides and reduced
the magnitude of the overall side forces during both linear
acceleration and steady swimming. The difference in the
transducer forces is the result of different momentum transfers from the robotic swimmer to the water. Figure 9 shows
the midfin flow field of the soft dorsal fin visualized using
velocity vectors and vorticity contours. Wake flow patterns
were investigated to identify the reasons for the observed
differences in the axial forces and side forces. Wake flows
produced by bluegill sunfish, a perciform teleost species with
a spiny and soft dorsal fin, are provided in Figure 9A, B; we
found that the wake flows generated by the robot (Fig. 9C, D)
are similar to that of the live fish.
For the erected soft dorsal/anal fins (case e) and the control
state, fluid jets have been identified between the soft dorsal fin
and the caudal fin during linear acceleration. The direction of
the jet produced by the soft dorsal fin has a jet angle of 15.6
(relative to a horizontal or mediolateral direction), reduces
the momentum in the x-direction, and may lead to lower
forces in the lateral direction (Fig. 9C). The caudal fin wake
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has an angle of 10.6 (relative to the horizontal line), but in
the opposite direction to that of soft dorsal fin jet (with an
angle of 15.6) (Fig. 9C). The lateral momentum of the
caudal fin jet is therefore mostly canceled by the momentum
produced by the soft dorsal fin in the opposite lateral direction, thus creating much less overall lateral flow velocity
compared with the control case (Fig. 9D). This is in agreement with the side force measurement results in Figure 8. A
time series of wake flow produced by the soft dorsal fin and
caudal fin of the robotic fish during one entire stroke during
the linear acceleration is provided in Supplementary
Figure S2.
Swimming speed varies with time throughout a linear acceleration, and the wake flow is not periodic. Figure 10 shows
a series of representative flow fields during a critical linear
acceleration of the robotic swimmer, starting from 0 m/s and
reaching a steady swimming speed of 0.3 m/s (Acla = 0.05 m/s2,
0.086 BL/s2). The caudal fin flow fields were visualized using
velocity vectors. During linear acceleration, the caudal fin
wake showed a typical fish-like pair of counter-rotating
vortices shed per tail stroke (Fig. 10A–D). The energy transfer
between the caudal fins was assessed through the momentum
and the jet angle (averaged from eight cycles) over time

FIG. 9. Wake flows generated by the soft dorsal fin and caudal fin of a bluegill sunfish and the robotic fish during linear
acceleration (0.052 m/s2). (A) The wake flow around the dorsal and caudal fins in a bluegill sunfish (Lepomis macrochirus)
with soft dorsal fins erect. The lateral jet produced by the dorsal fin acts in the opposite direction to that of the caudal fin (red
arrows). (B) The wake flow behind the bluegill sunfish caudal fin to show the lateral jet flows produced by the tail. (C) The
velocity field of the biorobotic fish with its soft dorsal and anal fins erect (t = 0.53T, when the maximum tail-beat speed
occurs). The dorsal fin produced a lateral jet in the opposite direction to that of the caudal fin. (D) The wake flow of the
robotic model with all median fins folded down (t = 0.53T, when the maximum tail-beat speed happens). The direction of the
jet (red) is also labeled in both C and D. Background flow velocities (Vrel) have been subtracted for the velocity vectors of
both the fish and robot. Color images available online at www.liebertpub.com/soro
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FIG. 10. Time series (A–D) of DPIV wake flow images behind the biorobotic fish’s caudal fin at a linear acceleration
of 0.052 m/s2. The laser light sheet was aligned with the middle of the caudal fin. The vortex pair that we used to calculate
the circulation was marked according to the white dashed box in each figure panel. The jet angles are labeled relative to
the horizontal with white arrows. The instantaneous vorticity during linear acceleration is marked according to the colored
panel. (E) The circulation of vortices versus time during linear acceleration. The vortex circulation values were calculated
from the time instant when the caudal fin has reached its maximum flapping position to the side (as the time instant shown in
A–D). The vortex marked by the white dashed box in each panel was used to calculate the circulation and the jet angle. (F) Jet
angle of the wake flow versus time during linear acceleration. Color images available online at www.liebertpub.com/soro
(Fig. 10E, F). The two metrics reached their maximum at
the initial flap (t = 1.06 s), and the momentum and jet angle
decrease with the flow speed during linear acceleration. Wake
vortex circulation dropped from 64,786 to 37,830 mm2/s by
the end of linear acceleration (t = 5.35 s), with the jet angle
moving laterally and almost parallel to the x-axis.
Discussion

In this study, we designed and fabricated a bioinspired
robotic fish with multimaterial spiny dorsal, soft dorsal, and
soft anal fins modeled on the morphology and kinematics of
bony fishes.9,34,38 Increasingly, robotics research has em-

phasized bioinspired designs and mechanisms that examine
morphing capabilities in flight40,41 and the terrestrial locomotion,42,43 but very few studies have reported on underwater morphing bioinspired robots. Fabricating and actuating
biomimetic fins offer several attractive advantages, including
the convenience of mimicking diverse fin states and the
erecting/folding kinematics of live fish during swimming. It
also provides a scientific platform for investigating the hydrodynamic function of median fins. Based on our experimental results, we regard the use of biomimetic median fins as
an efficient method for enhancing the swimming performance
of underwater biorobots that may inspire smart morphing
structures for future underwater robots.38
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Using multimaterial 3D printing to fabricate the fins allowed components to vary considerably in terms of biologically relevant characteristics, including having a Young’s
modulus ranging from soft (1 Mpa, e.g., the flexible hinge) to
very rigid (3 Gpa, e.g., the spiny ray). Fabricating a soft biomimetic fin that can erect/fold and flap laterally was a technical
challenge (Fig. 2D). This complex morphology and intrinsic
flexibility are a distinctive characteristic of the natural fin of
the teleost fishes1,38 and could not be easily reproduced with
traditional mechanical fabrication processes, which led us to
use multimaterial 3D printing. Our fabrication and assembling
process (Supplementary Video S4) also enable rapid design
iteration with little additional cost to change morphological
features such as the size, shape, and mechanical stiffness of the
fin components, as well as the fin positions on the fish body.9
Such a modular and modifiable system holds great potential as
a scientific tool to examine the locomotor functions of the
diverse fin morphologies and kinematic patterns of the different swimming behaviors of bony fishes, including linear
acceleration, steady swimming, and burst and coast.
An additional benefit of this design is, in particular, the
flexible hinge and soft actuators at each fin base, permitting
the soft fins to recover from external impacts without damage
(Supplementary Video S5). This demonstrates the potential
use of these biomimetic fins for future underwater bioinspired
robots near the river bottom or the seafloor, or where obstacles may interfere with a robot’s navigation.
Although shape morphing of dorsal and anal fins plays a
significant role for fish during swimming,11,17,34,44 such actively controlled shape changes have not been previously
explored in fish-like robotic systems. It was observed that,
during the onset stage of linear acceleration (Fig. 7), erecting
the soft/anal fins increased the axial force by 43.0% compared
to the control pattern (all fins folded). This increase helps
accelerate the robotic fish in the x direction at the initial stage.
We also show that erecting the soft dorsal/anal fins played
a significant role in linear acceleration (up to 32.5%). In
comparison, the effect of erecting the spiny dorsal fin was less
important (<3%). Considering the effect of fin area change,
and using the control state as a benchmark, we found that the
self-propelled swimming speed (Usps) increased even more
(7.3%) when the soft dorsal/anal fins were half-erected than
when fully erected (3.09%). This is in line with previous
studies on the effect of fin use in live fish; for example, decreased fin areas were observed in bluegill sunfish (Lepomis
macrochirus) at increased flow speeds in a steady swimming
state.9,34 This result suggests that the adjustments made by
live fish to median fin area as swimming speed increases may
act to increase thrust.
For most fishes, the soft dorsal fin is an active thrustgenerating fin at slow to moderate speeds, and accelerates fluid
toward the tail.7,45 However, the role of median fins changes as
swimming speed increases. Depending on the magnitude of the
imposed acceleration, the median fins could result in either a
wake deficit or added momentum. For example, the wake
behind the robotic median fins will change substantially as the
towing acceleration moves from the red to the purple curves in
Figure 3D. Reduced surface area results in both lower added
thrust force and lower drag due to reduced surface area. It is
difficult to separate these functions as both change together as
steady swimming speed increases. Therefore, the reduction in
fin area as speed increases may reflect a compromise between
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the need to reduce drag incurred by the increased fin area and
additional thrust due to median fin side-to-side oscillation.
Currently, the median fin active oscillations were not taken
into account, and this is an important area for future research
although challenging because it would require complex additional control of the fin motions.
The projected fin area does change during different
cruising velocities and during the acceleration. For example,
Standen and Lauder quantified dorsal and anal fin areas over a
range of cruising swimming speeds,9,10 and Tytell et al.11
also compared dorsal function between acceleration and
cruising locomotion. It is certainly possible that erecting the
dorsal fin will provide more thrust but need more power, but
most fishes reduce the dorsal fin area as speed increases.
Therefore, there may not exist a specific fin configuration to
optimize all swimming metrics (i.e., steady swimming speed,
acceleration, and cost-of-transport). However, there may
exist multiple fin configurations, and selection of the appropriate one depends on the particular locomotor task. Although we have not measured the power consumption of the
robot in this article, investigating the power consumption and
the cost-of-transport would be certainly be interesting for
future studies.
In this study, we would also like to suggest a new hypothesis about dorsal fin function. Reducing dorsal fin area
during acceleration behavior may function not only to reduce
drag but it may allow increased yaw (side to side) motion of
the anterior body as well, increasing thrust. The erect first
dorsal fin will act to increase resistance to yaw of the anterior
body, and decreasing dorsal fin area will allow increased
body yaw. This increase in yaw is associated with an increase
in thrust generation due to changing patterns of pressure over
the surface and the presence of a suction zone anteriorly.29
Modulation of dorsal fin area may thus be associated with
multiple functions during fish locomotion.
We were surprised to discover that erecting the biomimetic
dorsal/anal fins can also decrease the peak to peak magnitude
of the lateral force (y-axis) by 24.8% during linear acceleration, and by 19.5% during steady swimming. The lateral
force produced by the dorsal/anal fins counteracted the caudal fin force because the motion of these two groups of fins is
largely out of phase. Flow visualization of fin wake pattern
results showed that this reduction in side force amplitude is
most likely due to the production of counteracting momentum jets: the dorsal and anal fins generate momentum to the
opposite side as momentum produced by the caudal fin. This
result suggests a new hypothesis for the function of dorsal and
anal median fins in fishes: reduction of yaw moments. This
point was also demonstrated in a recent computational fluid
dynamic study,46 and the increased head yaw as speed increases and during acceleration.29
Undulatory locomotion of a flexible body necessarily generates large side forces, and analyses of wake flow patterns in
freely swimming fishes have shown that lateral forces generated by the tail and body alone can be twice that of the thrust
force produced.45,47 Recoil from the large oscillatory lateral
forces produced by the oscillating tail will generate yaw moments that increase drag and the cost of locomotion. However,
the presence of median fins such as the dorsal and anal that are
under active control allows fish to use these fins to generate
oppositely signed torques to greatly reduce the effect of lateral
forces produced at the tail. This hypothesis remains to be tested
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by experiments on live fish, but is an intriguing notion that
emerges from analysis of forces produced by our biomimetic
fish robotic system with morphing median fins.
It should be noted that our current robotic model did
not take into account the dynamic tail beat changing frequency or amplitude and how this changes during different
acceleration values. We also did not study acceleration
compared to steady swimming and alter the kinematics of the
model in the way that fish do.29 Modulating the tail beat
frequency to accelerate the robotic fish is an interesting direction for future study.
We also found that the orientation and circulation of the
caudal fin wake differed substantially during linear acceleration compared to steady swimming (Fig. 10). Tytell12 conducted the most comprehensive analysis to date of wake
flows during acceleratory locomotion. His study reported
wake flow of eels (A. rostrata) during linear acceleration and
he noted that the caudal momentum jets were oriented in a
more downstream/streamwise direction, with the addition of
axial momentum relative to steady swimming wake flows.
We have observed a similar phenomenon in our biorobotic
fish, suggesting that the addition of axial wake momentum is
necessary to achieve changes in swimming velocity.
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