Supplementary materials
Materials and experimental details
In macroscale large size polishing pad model and fluid-slurry interaction model. The fibers are modeled as transversely isotropic, with their elastic constants detailed in Table S1, where L indicates the fiber axis and T the transverse axis. To ensure alignment, the material orientation of virtual fiber elements is assigned such that their principal axis coincides with the fiber direction.
Table S1 The elastic properties of the polishing pad fiber
	EL (MPa)
	ET (MPa)
	GLT (MPa)
	GTT (MPa)
	VLT
	VTT

	800
	10
	5
	3.85
	0.3
	0.3


The rheological properties of slurry are regulated by adjusting the content of viscosity modifiers, such as sodium methylol cellulose. Three distinct slurries with varying viscosities were prepared, and their rheology was characterized by power-law model, as described in Eq. (S1):

                                (S1)
The dynamic viscosity of the slurry is characterized using the flow consistency index m, flow behavior index n, and shear rate . For n<1, the slurry exhibits shear-thinning behavior, where the apparent viscosity decreases with increasing shear rate. Conversely, for n>1, the slurry demonstrates shear-thickening behavior, with the apparent viscosity increasing as the shear rate rises. When n=1, the slurry behaves as a Newtonian fluid, maintaining a constant viscosity regardless of the shear rate. A piecewise function approach is employed to accurately model the two distinct regions, as defined by Eq. (S2)."
                     (S2)
The segmented behavior of the power-law model is primarily influenced by factors such as the stage-specific values of m and n, maximum and minimum viscosity, and other key parameters listed in Table S2. To characterize the slurry's viscosity across different rheological regions, the user-defined subroutine VUSDFLD in Abaqus/Explicit was utilized.
The hydrostatic behavior of slurry was expressed by Mie-Grüneisen equation of state (EOS):
                        (S3)  
where ,  is pressure,  is sound viscosity through medium,  is initial density,  is the current density,  is material parameter, and E is internal energy per unit reference volume. 
                              (S4)
[bookmark: _Hlk81314961]where  is linear Hugoniot slope,  is shock velocity,  is particle velocity.
Table S2 Details parameters of different types of fluids.
	Minimum viscosity
	Maximum viscosity 
	m1
	m2

	nA
	nB

	0.48055
	16.718
	1.29659
	0.00474
	-1.00119
	1.77616


In microscale single fiber-abrasive scratching model, to examine the influence of fibers on micro-scale material removal, a single fiber-abrasive scratching model was developed. Due to the pronounced anisotropy of the fibers, varying scratching directions inevitably results in different material removal effects. In this model, the fibers are assumed to be transversely isotropic, with the material orientation. Additionally, four distinct scratching conditions were considered: axial loading for common fibers/microfibers and transverse loading for common fibers/microfibers. The fibers interact with the abrasive particles, inducing scratches on the workpiece surface at a velocity of 70 m/min. To simulate a more realistic scratching scenario, a rough surface with a roughness of Sa=685 nm was quantitatively constructed using a power spectral density (PSD) function. In this function, the surface roughness is modeled as isotropic Gaussian noise. The PSD function is defined as follows:

                  (S5)
                             (S6)


Where  is z-axis coordinates, λ is the wavelength. After  is identified, it can be converted to magnitude of FFT (Fast Fourier Transform) by:
                         (S7)

Then, the  can be constructed with IFFT as follows:
                    (S8)
[bookmark: _Hlk165321009]During scratching process, the underside of the workpiece is defined as encastre, namely constraints all degrees of freedom ().
The Johnson Holmquist 2 (JH-2) constitutive model was applied for describe the mechanical property of workpiece and abrasive. In JH-2 constitutive, the material strength was described by a smooth curve as a function of hydrostatic pressure. The normalized equivalent strength , intact strength  and fracture are considered as ratios of actual equivalent strength  and equivalent strength  at Hugoniot elastic limit (HEL), and can be written as:
                             (S9)
where 
                (S10)
                 (S11)
The maximum normalized fracture strength is defined as , , , ,  and  are material inherent parameters,  , and equals to normalized maximum tensile pressure , and  is pressure at HEL.
The strength of abrasive and workpiece was assumed to be an affine function of damage variable (0<D<1) as described by Eq. (11)
                  (S12)
The damage variable D can be calculated by Eq. (12):
                           (S13)
The pressure can be calculated by the following Eq. (13):
           (S14)
In addition, the  can be expressed by Eq. (14), and bulging pressure  by Eq. (15)
                    (S15)
           (S16)
where  and  are material parameters, and the detailed parameters are presented in Table S3.
Table S3 The detailed JH-2 constitutive parameters in this work
	

	G (MPa)
	
	
	
	
	FS

	2200 kg/m3
	30980
	0.93
	0.77
	0.2
	1.0
	1.0

	
	
	 (MPa)
	
	HEL (MPa)
	 (MPa)
	

	0.003
	1.0
	150
	0.5
	5950
	2920
	0.043

	
	 (MPa)
	 (MPa)
	 (MPa)
	
	
	

	0.85
	45400
	-138000
	290000
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