Development and characterization of muscle-based actuators for self- stabilizing swimming biorobots
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Supplementary information
· Conversion from stress (N/m2) to surface stress (N/m)

The Stoney’s equation [s1,s2,s3] relates the cantilever bending to the stress (σbulk, N/m2) or the surface stress (σsurface or σ in the manuscript, N/m) of the attached layer, as shown below.

,
where tc is the thickness of the cardiomyocyte sheets [*]. The major difference between two is that the layer’s thickness should be known to calculate the stress from the bending (or the radius of curvature), whereas the surface stress does not need the layer thickness.  
In the cited literatures [33,34], they used “stress, N/m2” to express the bending force of the cardiomyocytes and assumed the thickness of the cardiomyocyte sheets to be 4 μm. However, we used “surface stress, N/m” to describe the bending force of the cardiomyocyte sheets. To make a comparison, we converted the stress into the surface stress, by multiplying the assumed thickness and the reported stress. 

* Sader, John Elie. "Surface stress induced deflections of cantilever plates with applications to the atomic force microscope: Rectangular plates."Journal of Applied Physics 89.5 (2001): 2911-2921.
Raiteri, Roberto, et al. "Micromechanical cantilever-based biosensors."Sensors and Actuators B: Chemical 79.2 (2001): 115-126.
Flinn, Paul A., Donald S. Gardner, and William D. Nix. "Measurement and interpretation of stress in aluminum-based metallization as a function of thermal history." IEEE Transactions on electron devices 34.3 (1987): 689-699.




Supplementary Figures
Supplementary Figure 1. Patterns of the biorobots. The blue areas show where the Ni-PDMS and MB-PDMS bases will be attached. (a) Double arm cantilever biorobot (Vertical in Fig. 7e, Fig. 7h). (b) Wide arm cantilever biorobot (Fig. 7i). (c) Single arm cantilever biorobot (Horizontal LF in Fig. 7e, Fig. 7g). 
Supplementary Figure 2. Custom Matlab script to extract the radius of curvature (ROC) on each frame. Several points along the cantilever (or the biological actuator) were manually picked to extract the ROC (green circle) in each frame. 
Supplementary Figure 3. Characterization of orientation of actin filaments; actin filaments observed through Phalloidin-594 staining over time, day 1 (A), day 3(B) and day 6 (C). Although some alignment can be observed by day 6, the cells predominantly exhibited isotropic alignment. (scale = 50𝜇m, n = 5)
Supplementary Figure 4. Cytotoxicity test of MB-PDMS and Ni-PDMS
Supplementary Figure 5. The modulation of the density of the composite PDMS materials.
Supplementary Figure 6. Numerical analysis of the biobots. At each tilting angle, the submersion depth was calculated. (a) ~ (e) the submerged volume is plotted in red and the volume above the media’s surface is plotted in black. The center of the buoyance was extracted by calculating the geometric center of the submerged volume.  (d) The moment on the biorobots was generated by the gravitational force acting on the center of gravity (CG) and the buoyant force acting on the center of buoyance (CB). Two forces are equal in the magnitude, but opposite in direction. The gravitational force is pointing downward and the buoyant force is pointing upward. By using the distance between CG and CB, the gravitational force, and the buoyant force, we calculated the resulting torque.
Supplementary Figure 7: Incorporation of hydrogel-encapsulated cells. (a) Schematic representation of the process. (b) Fluorescence image of cell-encapsulated hydrogel within the biorobots (top and right) side profile of cell-encapsulated hydrogel within the biorobot (bottom left).



Supplementary Movies
Supplementary Movie 1: A biological actuator on a stationary base. 
Supplementary Movie 2: Calcium flux propagation on cardiomyocyte sheet on the biorobot arms. 
Supplementary Movie 2: Demonstration of the magnetic control of the self-stabilizing floating base
Supplementary Movie 4: Demonstration of the stability of the self-stabilizing floating base
Supplementary Movie 5: Swimming of 4 biorobots
Supplementary Movie 6: Swimming of horizontal forward mode (Fig. 7g)
Supplementary Movie 7: Swimming of horizontal backward mode 
Supplementary Movie 8: Swimming of vertical forward mode (Fig. 7h)
Supplementary Movie 9: Swimming of vertical backward mode (Fig. 7i)




[image: ]




[image: ]

[image: ]

[image: ]

[image: ]
[image: ] 
 


 [image: ]
[bookmark: _GoBack]
1

oleObject1.bin

image2.wmf
)

1

(

6

2

n

s

s

-

=

=

R

Eh

t

surface

c

bulk


oleObject2.bin

image3.emf
Supplementary Figure 1. Patterns of the biorobots. The blue areas show where the Ni-

PDMS and MB-PDMS bases will be attached to. (a) Double arm cantilever biorobot 

(Vertical in Fig. 7e, Fig. 7h). (b) Wide arm cantilever biorobot (Fig. 7i). (c) Single arm 

cantilever biorobot (Horizontal LF in Fig. 7e, Fig. 7g). 
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Supplementary Figure 2. Custom Matlabscript to extract the radius of curvature (ROC) on each frame. Several 

points along the cantilever(or the biological actuator) were manually picked to extract the ROC (green circle) in 

each frame. 
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Supplementary Figure 3. Characterization of orientation of actin filaments; actin filaments observed through Phalloidin-594 staining over time, 

day 1 (A), day 3(B) and day 6 (C). Although some alignment can be observed by day 6, the cells predominantly exhibited isotropicalignment. (scale 

= 50

ߤm,n = 5)
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Supplementary Figure 4. Cytotoxicity test of MB-PDMS and Ni-PDMS.
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Supplementary Figure 5. The modulation of the density of the composite 

PDMS materials.
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Supplementary Figure 6. Numerical analysis of the biorobots. At each tilting angle, the submersion 

depth was calculated. (a)~(e) The submerged volume is plotted in red and the volume above the media’s 

surface is plotted in black. The center of the buoyance was extracted by calculating the geometric center 

of the submerged volume.  (f) The moment on the biorobots was generated by the gravitational force 

acting on the center of gravity(CG) and the buoyant force acting on the center of buoyance(CB). Two 

forces are equal in the magnitude, but opposite in direction. The gravitational force is pointing 

downward and the buoyant force is pointing upward. By using the distance between CG and CB, the 

gravitational force, and the buoyant force, we calculated the resulting torque.
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Supplementary Figure 7: Incorporation of hydrogel-encapsulated cells. (a) Schematic representation of the 

process. (b) Fluorescence image of cell-encapsulated hydrogel within the biorobots(top and right) side profile 

of cell-encapsulated hydrogel within the biorobot(bottom left).
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