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Supplementary Note 1

Numerical Modeling of jet printing process.

The computation model of jet printing was constructed with idealizations based on the
following assumptions:
(1) Due to the axisymmetric nature of the flow field and geometric setup of the system, a two-
dimensional axisymmetric model is utilized to improve the accuracy and efficiency of the simulation.
(2) The influence of the wettability on the internal surface was not taken into consideration.
(3) Time requirement for the falling droplet to reach the steady state is long, so the we merely
computed and analyze the results in partial time.

According to the assumptions above, the continuity and momentum conservation equations for

the printing head section are as follows.

The continuity equation:

L4+7-(ou) =0 (1)
The momentum equation:
6(;:) + V- (puw) = —-Vp+ V- (uVu) + F, 2)

where p is the density (kg/m?), u is the velocity vector (m/s), u is dynamic viscosity of the
fluid (mPa-s), and p is the hydrostatic pressure (Pa). Fy is the surface tension force.

The surface tension force is calculated by the continuum body surface model, and a volume
equivalent surface tension force is used as,

F, = oxVA

where 6 is the surface tension coefficient, k is the curvature of the surface, and A is the unit surface
normal vector.

In order to track the movement of the liquid-gas interface, Level Set Method (LSM) was
employed. A thin layer was used to represent the liquid-gas interface, where the physical properties

vary from the gas phase to the liquid phase. The model were presented by the following equations

1

p=pg+o—pg)d
k= pg+ (U —pg)d

Subscript [ and g represent the liquid and the gas phase, respectively.



For the reason that the fluid flow was mainly caused by the displacement of the needle, dynamic
mesh was applied, where spring-based smoothing method and local remeshing method was used
together. The triangle mesh was refined until the droplet diameter on the substrate differed by less
than 0.1 pm when compared with a finer mesh. The aforementioned governing equations and
boundary conditions are discretized, and the results of the discretization are solved with pressure-

based solver and SIMPLE algorithm.
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Supplementary Fig.1 Fabrication of magnetic soft millirobot. a. Fabrication process of the driven

module. b. Fabrication process of the sensing module.
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Supplementary Fig.2 Voltage parameters of piezoelectric-pneumatic material jet printing system
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Supplementary Fig.3 Fluid velocity and pressure distribution during jet printing. a. Pressure

distribution. b. Velocity distribution.
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Supplementary Fig.4 Generation mechanism for the microconical matrix. When the magnetic fluid

is applied, the adjacent powders would form aligned chains due to the magnetic interaction and

aggregate into networks to drive the viscous fluid to grow upwards.
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Supplementary Fig.S Weight of the microconical matrix. When the quantity increases, the weight of

millirobot also rises.
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Supplementary Fig.6 Uniaxial tensile test of magnetic ink.
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Supplementary Fig.7 Durability of the multi-legged microconical matrix
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Supplementary Fig.8 Effect of electrode size on output voltage

Supplementary Fig.9 Optical images for effect of offset distance
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Supplementary Fig.10 Effect of droplet space for output performance in bending deformation
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Supplementary Fig.11 Optical images for spaces inside sensing module
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Supplementary Fig.12 Sensitivity (S) of the sensor under contact-separation mode
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Supplementary Fig.13 Experimental setup for millirobot locomotion control
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Supplementary Fig.14 Locomotion mode of millirobot under the application of an “O” shape

magnetic field in the “X-Y” plane. Robot moves forward step by step with legs touching the ground.
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Supplementary Fig.15 Schematic diagram of the corresponding signals generated through sensing

module in millirobot locomotion
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Supplementary Fig.16 Effect of permanent magnet movement in vertical direction with different

distance beneath the millirobot
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Supplementary Fig.17 Effect of permanent magnet movement frequency in vertical direction
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Supplementary Fig.18 Output voltages as millirobot moving in swallow water environment
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Supplementary Fig.19 Output voltages as millirobot moving with various load weights
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Supplementary Fig.20 Surface roughness of five terrain
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Supplementary Fig.21 Moving posture diagram of inchworm and millirobot during a crawling

cycle

t-SNE Visualization of Class Probabilties

Supplementary Fig.22 T-SNE scatterplot for feature classification.
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Supplementary Fig.23 Comparison of the machine learning method among ours, traditional

KNN&DTW and XGBoost.
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Supplementary Fig.24 Ink viscosities for Legs in driven module and sensing module

Table 1 Comparison of typical magnetic soft robot in previous studies

No. Actuation Fabrication Body Speed  Integrated Machine Reference

method mass (mm/s) sensing Learning
(g ability application
1 Magnetic ~ Template 0.3 22 No No 2
modeling
Magnetic ~ Spin coating  0.07 2.5 No No 3
Magnetic ~ Template 2 0.8 No No 4
modeling
Magnetic 3D printning - - No No 5
Magnetic ~ CIM 0.31 1.4 Yes Yes This work

Table 2 Fabrication parameters of the magnetic soft millirobot

Parameters Legs in driven module Sensing module
Inks Composition/ wt% Fe;0a4: 36% Fe304:: 10%
Silicone rubber: 64% PTFE: 30%

Silicone rubber: 60%
Jet printing Droplet quantity 60 20



Array 5*5 15*29
Spacing 14 ym 0.5 pm
Driving voltage 85V 100 V
Nozzle diameter 100 pm 60 um
printing pressure 200 MPa 200 MPa
Curing process  Curing temperature 80 °C 60 °C
Curing time 10 minutes 5 minutes
Supplementary Movie 1
Jet printing process
Supplementary Movie 2
Generation process of the printed microconical matrix into legs
Supplementary Movie 3
Locomotion for soft millirobot
Supplementary Movie 4
Continuous bidirectional crawling locomotion in confined space
Supplementary Movie 5
Electric output can be acquired via the sensing module continuously
Supplementary Movie 6
Loading capacity
Supplementary Movie 7
Locomotion in various terrains
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