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Methods
Fabrication of the inertia microfluidic channel
The fabrication of the inertial microfluidic channel was performed using soft-lithography processes, as illustrated in Figure S1a. First, a 4-inch silicon wafer served as the substrate. Photoresist (SU8-2100) was spin-coated onto the substrate at 2000 RPM, creating a layer with a thickness of 100 μm. The photomask was then aligned with the photoresist-coated substrate, and the pattern was projected onto the photoresist using UV light with a power of 10W for an exposure time of 20 seconds. The exposed substrate was placed in a developer for 5 minutes to remove the unexposed regions of the photoresist, forming the desired pattern. Next, a mixture of polydimethylsiloxane (PDMS) and its curing agent in a 10:1 ratio was poured over the substrate. After curing at 60°C for 5 hours, the PDMS layer was peeled off from the silicon substrate to serve as the microfluidic channel. Finally, the PDMS channel and a glass slide were treated with 100W oxygen plasma for 60 seconds and then bonded together. The resulting microchannels had standardized dimensions of 2 cm in length, with a dispersion pool at the inlet, 300 μm in width, and 100 μm in height. An optical image of the inertial microfluidic chip is shown in Figure S1b.

[image: ]
Figure S1. Fabrication of the inertial microfluidic chip. The steps of soft-lithography processes were shown in (a) and optical image of the inertial microfluidic chip after binding to a glass slide was shown in (b).



Hydrogel microparticles
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Figure S2. Hydrogel microparticle generation. (a) Schematics of the microfluidic chip for hydrogel microparticle generation. PEG microparticles were cured in situ by UV illumination, and ALG microparticles were cured by soaking in 1M CaCl2 aqueous solution. (b) Optical image of uniform hydrogel microparticle generation in a microfluidic chip (Scale in 100 μm). (c) The average diameter of PEG is 29.33 μm and ALG is 27.80 μm. The coefficients of variation (CV) for PEG (13.54%) and ALG (19.24%) hydrogels are within an acceptable range (< 20%). (d) Optical image of generated PEG microparticles after washing.


[image: ]
Figure S3. Mechanical properties of PEG hydrogel with different concentrations. (a) Stress () and strain () relationship for PEG hydrogel with concentrations ranging from 8% to 16%. (b) Variation of shear modulus () versus PEG concentration (Conc.) percentage obtained by fitting the stress-strain curves with the neo-Hookean model in the elastic range by assuming non-compressible deformation of the hydrogel (i.e., the Poisson ratio, ν=0.5). (c) Fitted curves to the stress-strain relationships with the neo-Hookean model in the elastic range.


Observation experimental setup

[image: ]
Figure S4. Observation experimental setup. The entire system consists of four components: a syringe pump for precision control of the flow rate, a fluorescent microscope for observing particles inside the microchannel (with the microscope camera being replaceable by a high-speed camera for capturing the position and shape of the particles during migration), an inertial chip designed to separate particles based on deformability, and an analysis system for data storage and image processing.
Pilot test of microparticle focusing in microchannels
Poly (methyl methacrylate) (PMMA) beads (CD Bioparticles, DMFR-L052, 30 μm) and alginate (ALG, CAS 9005-38-3) hydrogel microparticles (generated by microchip, 30 μm in diameter) were used to test the system. Fig. S4 showed that the beads entered the channel uniformly and focused under a flow Reynolds number (Re) of 100. Re can be calculated from the flow velocity using the following equation:

where  is the fluid density,  is the dynamic viscosity of flow,  is the maximum flow velocity,  , W and H are the width and height of the channel, respectively.
 
[image: ]
Figure S5. Pilot test of PMMA and ALG bead focusing in microfluidic flow. In the pilot test, PMMA and ALG beads were labeled with TX-red dye and separately injected into the channel. Initially, the suspension of beads was uniformly introduced into the channel. As the flow rate increased, PMMA beads began to exhibit signs of focusing first (at Re = 10). Eventually, both types of beads were successfully focused at higher flow speeds (Re = 100), scale in 50μm.

Deformation and equilibrium data collecting method 
Deformation data of PEG hydrogel microparticles were captured using a high-speed camera (Revealer S1310) equipped with a 10x lens. All images underwent enhancement using ImageJ to ensure optimal quality (Fig. S6). The PEG concentrations studied, ranging from 8% to 16%, were consistent with those employed in previous modulus tests, where the shear modulus for each concentration was previously determined.
From the images captured by the high-speed camera, we apply Gaussian filter and Sobel function to detect the edges of the hydrogel microparticles (Fig. S6a). The coordinates of these edges are fitted to an ellipse using the general equation ax2+by2+cx+dy+e=0. From this fitted ellipse, the lengths and angles of the major and minor semi-axes, respectively, are determined. The major and minor semi-axes can be expressed as: 
,
.
Additionally, the center of the ellipse can be expressed as: 
,     .
The wall was represented by a straight line measured from the image (Fig. S6d). This allows us to measure the distance from the center of the particles to the wall. 
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Figure S6. Fitting of the outlines extracted from the images of deformed PEG. (a) depicts an example image from the experiment captured by a high-speed camera. The image was initially processed with a Gaussian filter to obtain a clear boundary, as shown in panel (b). Subsequently, the points from the boundary were utilized to fit an ellipse closest to the boundary using the general equation ax2+by2+cx+dy+e=0, with the fitted ellipse shown in panel (c). (d) and (e) illustrate examples of determining  using the general equation fitted in (b). The wall of the channel was marked with red stars, facilitating the determination of the distance between the center and the wall, which is the . (f) Equations drives from the assumptions compared with experimental data. The red line is the , and the black points are the experimental data. The trend of the points follows the equation line at small deformation region.

Observation of the particle rotation
As mentioned in the main paper, the particles rotate around their major semi-axis after deformation, allowing them to move along the fluid flow at a stable angle. Additionally, as noted by other researchers, the stable point in the z-direction should be at the midpoint of the channel height [S1-S3]. Therefore, the top view (xy-plane) was primarily observed (Fig. S8), and the investigation focused on the equilibrium position in the xy-plane.
[image: ]
Figure S7. Observation of particles spinning in the channel. Defects on the particle surface was captured, as shown in (b), and the movement of these defects indicated that the particle was rotating around its major semi-axis, as depicted in the sketch (a). (c) is a schematic of the particle rotation and the locations of defects, with arrows indicating the flow direction.


Final equilibrium position of hydrogel microparticles
   The equilibrium positions under different conditions are listed in Fig. S9. The concentration of PEG microparticles varied from 8% ( =14.5 kPa) to 16% ( = 58.7 kPa), the Reynolds number were collected at Re= 50, 80, 100, 120, 140, 160, 180, 200, 250.

[image: ]
Figure S8. Deformation images of PEG hydrogel microparticles. PEG microparticles with moduli ranging from 8% to 16% were studied under flow conditions with Reynolds numbers (Re) ranging from 50 to 200. Their deformation characteristics were compared with those of rigid PMMA.
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[image: ]
[image: ]
Figure S9. Images of equilibrium positions at different PEG concentrations and flow rates. 

[bookmark: _GoBack][image: ]
Figure S10. The experimental data are compared with various theoretical and simulation results. The data points represent the experimentally measured equilibrium positions of PMMA beads with diameters of 30 and 60 µm. The dashed lines correspond to predictions from different theories or simulations, including: 
1-Xeq=0.5061Re0.08899 (a/W=0.1, Asmolov 1999);
1-Xeq=0.4004Re0.1138 (a/W=0.1, Matas 2004);
1-Xeq=0.3911Re0.1287 (a/W=0.2, Matas 2004 );
1-Xeq=0.3926Re0.117 (a/W=0.1, Segre&Silberberg 1961);
1-Xeq=0.3861Re0.1424 (a/W=0.2, Segre&Silberberg 1961).
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[bookmark: _Hlk184640556]Figure S11. Plot of the relationships between different parameters. (a) Plot of  versus ,  was derived from images captured by a high-speed camera, as illustrated in Fig. S9. The dimensionless major axis data  was measured from the deformation fitting as discussed in Fig. S7. The plot shows that  changes linearly with . The lines have similar slopes but different y-intercepts. (b) Plot of  versus capillary number () of deformed microparticles made from different PEG hydrogel. (c) Black squares are from PEG model same as Fig. S11b. Blue triangles are the experimental data of PC3 cells (G=28752 Pa, Molter et al. Front. Cell Dev. Biol. 10, 932510, 2022). Red circles are the experimental data of LnCap cells (G=28752 Pa, Faria et al. The Analyst 133, 1498-1500, 2008). Purple diamond are the experimental data of Alg beads (Shear moduli from Malektaj et al. Polymers, 15, 3012, 2023).  
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