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Supplementary Text

Text S1. Characterization of materials and battery

Powder X-ray diffraction was performed on Bruker D8 Advance ECO powder diffractometer with
a Cu Ka X-ray source. Field-emission scanning electron microscopy (FESEM) was carried out on
Zeiss Gemini 500 Scanning Electron Microscope equipped with Bruker energy dispersive

spectroscopy (EDS) detector to study the electrodeposition morphology of Zn.

We tested the stability of the Dragon Skin 30 by immersing a piece of bell (2 cm x 4 ¢cm) in the 4

M Znl: solution. By stressing it after being immersed in the solution for one day, it was still

stretchable as the original piece (Fig. S9).

We used a Neware CT-3008 as our battery testing system. The battery cells were galvanostatically

charged and discharged.

Text S2. Simulation of Jellyfish's motion and power dynamics

The fluid within the Jellyfish body is contained within the central and bell chambers, denoted as
Din and p,,¢, respectively. The central chamber is modelled as a piston with an effective area a;,,.
The motor inside this chamber drives a central rod of length [ ,. cyclically, changing its effective

length as follows,
ld,r(t) = lO + lm,a sin(wt),

where [, ; is the motor arm and w is the angular velocity of the motor. The rod is connected to the

Jellyfish’s outer perimeter via side rods (see Fig. S2), changing their angle in tandem with changes



in its effective length. This process induces a flapping motion, subsequently propelling the robot's

body.

The power supplied by the motor is used to derive the viscous electrolyte through the flow battery
cell, as well as propel the robot’s body against forces applied by the external fluid. Therefore, the

required power can be described as follows,

d
Pm (t) = Qjn (pout (t) — Pin (t))vFB (t) + (Ft (t) - Fd (t)) a_f;

where P, is the power used by the motor, vy is the mean flow through the flow battery channel,
F; is the overall propelling force exerted by the outer perimeter, Fy is the drag force acting on the

top of the Jellyfish, and x(t) is the robot’s center of mass location.

The drag opposing the robot’s motion is,

1 . .
Fd (t) = EanD T'ozut l(zi,r Sgn(ld,r)i

where p is the surrounding fluid’s density, Cp = px7yy: /1, is the drag coefficient for a
hemisphere geometry, Cp, = 0.42 (36), r,,,+ is the outer radius of the robot, and y, is the viscosity

of the external fluid.

Assuming a negligible density difference between the electrolyte inside the sealed body of the
robot and the surrounding fluid, the system is considered close to neutrally buoyant in the fluid,
with negligible gravity effects in play. Therefore, the thrust force propelling the robot’s body is
counterbalanced by the drag force acting on the outer perimeter. Scaling of the thrust force as the

drag on the robot during motion, where the thrust forward is stronger than the backstroke, yields,

1 . . .
Fi(0) = 5 pAealdy sgn(la, ) (e sen(ia,) + 1),



where 4,, is the overall area of the outer perimeter, and ¢ stands for the asymmetry in propulsion.
We assume in the model that the relation between the elastic deformation of the outer bell and the

pressure can be approximated by,

pout(t) =Ce (Vout(t) - Vout,o) + Dexts

where ¢, is the elastic coefficient of the outer hemisphere, p,,; is the external pressure outside the
robot’s body, i.e., atmospheric pressure, and V.o and V,,¢(t) are the bell chamber’s volume
initially and over time, respectively. Based on the simulation, the position of the Jellyfish mass

center matches well with the experimental data.

The required current for the motor’s work, I(t), per a constant voltage difference, AV, is dictated

by the power requirements as

| P

I1(t) = .
(®) AV

The viscous resistance to the flow passing through the porous electrode (Fig. 1¢), can be described

by Darcy’s law (37),

_ k(pout(t) - pin(t))
- i L '

Vrp

where k is the permeability of the material, y; is the dynamic viscosity of the electrolyte fluid, and
L is the flow battery channel length. The relation between the average flux vgp and the total fluidic
volume entering (or exiting) the central chamber is V;,, = h w vp, where h and w are the height

and width of the flow battery channel.

The maximal current that can be produced by the battery is denoted as the limiting current I;;,,.

We can relate the average electrolyte flux through the battery to the limiting current via (38),



Lim () = cpp e Cap(t)|vpp|®%,

where cpg = 1.6 - 107* m s71 is the local mass transfer coefficient (38-40), n, are the number of
electrons involved in the redox reaction, in this case 31" - 2e” <>I3” and the capacity of the battery

is denoted Cap(t), is assumed to be linearly proportional to the electrolyte concentration, C(t),

Cap

0
e,

Cap(t) =

where Cap, and C, are the initial values of the capacity and concentration stored in the robot’s
electrolyte. The electric capacity is depleted by the power consumption during the robot’s

operation,

dCap(t)
o —1()AVpg

The maximal power that can be provided by the flow battery to the robot is given by,

|Pmax (t) I = Ilim(t)AVFB

As long as the motor provides sufficient power, i.e. |Pyax(t)| > [Pmotor(t)|, the propulsion
persists. However, once the supplied power becomes insufficient compared to the required power,
the robot ceases its motion, before utilizing all the energy stored in the battery reservoir. This

balance thus determines the maximal range and time of operation of the Jellyfish, see Fig. 6b.

Text S3. Jellyfish power and energy calculations

For the calculation of theoretical swimming time, we use the 11 Ah L' as the capacity provided

the primary battery. The totally energy available for the Jellyfish’s operationis 11 Ah L' * 0.4 L *



1 V * 10 cells = 44 Wh. The energy consumption comes from three sources: the motor (Pololu
4797, 85 RPM, 3.6 W), the teensy 3.2 microcontroller (DEV 13736, SparkFun Electronics, 0.15
W), and the motor driver carrier (DRV 8838, Pololu, 0.7 W). To swimming from the bottom to the
top of the tank, the Jellyfish needs (3.6 W + 0.15 W + 0.7 W) * 6 s = 26.7 J. The theoretical
swimming time is calculated to be 44 Wh/ (3.6 W + 0.15 W + 0.7 W) = 9.8 h. The real swimming
itme of 90 min means we only use 15% of the capacity of the battery. The flow battery makes the
robot achieve a SED of 44 Wh/5.3 kg = 8.3 Wh kg'!. So the density of the robot is 5.3 kg/(0.8 *

Vel + Veontrol chamber) =0.91 g cm3.

Text S4. Jellyfish cost calculation

The cost of the robot system mainly comes from the chemicals of the battery and 3D printed battery
and robot sealings. To make the jellyfish robot, we need Znl2 of 4 L * 4 M = 16 mol, which costs
$3,554, and Nafion cost is $100, the KI4 L * 1 M =4 mol ($268), and I would be 4 L * 0.3 M =
1.2 mol ($291). The 3D printed robot sealings need a volume of printing resin of 362 mL and
consume $250 L' * 0.362 L = $90. The total cost of one Jellyfish is 3554 + 100 + 268 + 291 + 90

= $4,303.

Text S35. Jellyfish energy efficiency

The motor’s energy is consumed both for performing work on the robot's external environment via
hydrodynamic forces, as well as for overcoming the robot’s internal resistance to actuation. Our
calculations, taking into account this robot’s characteristic values, show that the primary source of

energy consumption is the cyclic forcing of large volumes of viscous liquids within the flow



battery's permeable layers, which is necessary for generating mechanical movement as well as
battery operation. According to our calculations, overcoming viscous resistance accounts for
approximately 95% to 98% of the total power output from the motors, resulting in very low overall
efficiency for this configuration (from 2% to 4%, depending on the speed of the robot). Efficiency
was calculated here as the ratio of F;X,,/p,,, Where F; is the generated thrust, X, is the speed of
the center of mass of the robot, and p,, is the total power by the motor. Future designs could
improve this low efficiency by enabling parallel fluid flow outside of the flow-battery cell channels,

or alternatively by reducing the viscous resistance within the channels.

Text S6. Potential ways to improve battery lifetime

There are two main approaches we think would help extend battery life: mechanical and
electrochemical pathways.

Mechanical approach: This involves increasing the energy storage by increasing the electrolyte
concentration and volume to provide more reaction species, or enhancing the area of the electrode
to allow more space for Zn deposition. In our battery, the highest area capacity of 110 mAh cm™
mainly limits the operation time. Therefore, we can improve the battery's lifetime by increasing
the electrode area to accommodate more Zn deposition. This can be achieved by either increasing
the size of the battery or connecting more batteries in parallel. Our battery is 0.55 cm each in
thickness, making this approach relatively straightforward to implement.

Electrochemical approach: This involves optimizing the battery design to minimize ohmic
resistance, maximize electrolyte transport, and enhance the surface area and activity of the
electrodes. Such improvements can lead to a significant increase in the energy density of the

battery, thereby extending its lifetime.



Supplementary Figures

Fig. S1. The assembled Jellyfish powered by ZnBr: flow battery illuminated in darkness.
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Fig. S2.The Jellyfish actuation system design.



Fig. S3. SEM images of carbon felt after active carbon treatment.
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Fig. S4. The battery operation process of the Jellyfish. a, The motor pulls down the central rod
and compresses the central chamber to push electrolyte flow from central chamber to bell chamber.
b, The motor pushes up the central rod and decompresses the central chamber to push electrolyte
flow from bell chamber to central chamber.



Fig. SS. The refill valve used for rapid recharging of primary rechargeable Znl: battery.



= |

=

Mold - Dragon skin

E-

Fig. S6. The manufacturing process of the Jellyfish. a, Bell manufacturing. b, SIL and current

collector (Ti mesh) bonding.



Fig. S7. The Jellyfish without electrolyte under different illumination conditions. a, daylight
conditions, and b, darkness conditions.
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Fig. S8. The single battery cell with labelled components.



Oh 5h 10 h 15h 1 day

Fig. S9. The bell material test after being immersed in the reacted electrolyte for 5 h, 10 h,
15 h, 1 day.



Supplementary Table

Table S1: The simulation parameter settings.

Parameter Notation Value [units]
Initial driving rod length I, 0.2 [m]
Motor arm length lna 0.01 [m]
The inner radius of the robot Tin 0.04 [m]
The outer radius of the robot Tout 0.1 [m]
External fluid’s density p 103 [kg/m3]
External fluid’s viscosity U 8.9 -10~* [kg/m3]
Central chamber initial volume Vino 41073 [m3]
Motor angular velocity W 5.28 [rad/s]
Drag coefficient — hemisphere Cp 0.43
Propulsion asymmetry € 0.4
Battery voltage AVig 1.6 [V]
Battery cell height h 0.01 [m]
Battery cell width w 0.025 [m]
Battery cell length Lpg 0.05 [m]
Porous electrode permeability k 6.3-1078 [m?]
Initial battery capacity Cap, 48,960 [A - s]
Initial electrolyte concentration Co 4 [mole]
Number of electrons involved in
the redox reaction Mt 2




Supplementary Videos
- Supplementary Video 1: The jellyfish robot swimming powered by ZnBr2 flow battery
- Supplementary Video 2: The jellyfish robot dark environment swimming powered by

ZnBr2 flow battery
- Supplementary Video 3: The jellyfish robot swimming powered by Znl2 flow battery

Supplementary Data

- Supplementary Simulation Data (Jellyfish swimming simulation)
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